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The transformation from telephony to 
mobile Internet has fundamentally changed 
the way we interact with the world by 
delivering ubiquitous Internet access and 
reasonable cost of connectivity. The mobile 
networks and Internet services are 
supportive of each other and together drive 
a fast development of new services and the 
whole ecosystem. As a result, the number of 
mobile subscribers has skyrocketed to a 
magnitude of billions, and the volume of 
mobile trafﬁc has boomed up to a scale no-
one has seen before with exponential growth 
predictions. However, the opportunities and 
problems are both rising. Therefore, to 
enable sustainable growth of the mobile 
Internet and continued mobile service 
adaption, this thesis proposes solutions to 
ensure that the reduction of overall 
environmental presence and the level of 
QoE are mutually addressed by providing 
energy-efﬁcient data transmission to mobile 
devices. 
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The transformation from telephony to mobile Internet has fundamentally changed
the way we interact with the world by delivering ubiquitous Internet access and
reasonable cost of connectivity. The mobile networks and Internet services are sup-
portive of each other and together drive a fast development of new services and the
whole ecosystem. As a result, the number of mobile subscribers has skyrocketed to
a magnitude of billions, and the volume of mobile trafﬁc has boomed up to a scale
no-one has seen before with exponential growth predictions.
However, the opportunities and problems are both rising. Therefore, to enable sus-
tainable growth of the mobile Internet and continued mobile service adaption, this
thesis proposes solutions to ensure that the reduction of overall environmental pres-
ence and the level of QoE are mutually addressed by providing energy-efﬁent data
transmission to mobile devices.
It is important to understand the characteristics of power consumption of mobile
data transmission to ﬁnd opportunities to balance the energy consumption and the
growth of mobile services and the data volumes. This research started with power
consumption measurements of various radio interfaces and investigation of the trade-
off between computation and communication on modern mobile devices. Power con-
sumption models, state machines and the conditions for energy-efﬁcient mobile data
transmission were proposed to guide the development of energy-saving solutions.
This research has then employed the deﬁned guideline to optimise data tranmis-
sion for energy-efﬁcient mobile web access. Proxy-based solutions are presented in
this thesis, utilising several strategies: bundling-enabled trafﬁc shaping to optimse
TCP behaviour over congested wireless links and keep the radio interface in low
power consumption states as much as possible, ofﬂoading HTTP-object fetching to
shorten the time of DNS lookups and web content downloading, and applying selec-
tive compression on HTTP payload to further reduce energy consumption of mobile
data transmission. As a result, the solutions dramatically reduce the energy con-
sumption of mobile web access and download time, yet maintain or even increase
user experience.
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1. Introduction
We have been witnessing a decline in the sales of traditional desktops and
notebooks, and the rise of mobile devices, signifying that the Post-PC era
is about to begin. The Post-PC devices are featured with fast connectivity,
portability, intuitive user interfaces, sensory perception to the surround-
ing world and easy accessibility to Internet services. These characteristics
offer a more additive way for mobile users to consume Internet content,
be in touch and stay distinguished.
Mobile devices are inﬂuencing people dramatically in many aspects.
This is particularly true in regions where life and business already have
widespread access to PCs. They are often served as a time ﬁller for users’
daily fragmented leisure time, while waiting or relaxing, and has also
become one of the motors of the 21st century economy, providing ubiqui-
tous means to reach global audiences and interact with customers. More
importantly, mobile devices are enablers for Information and Communi-
cation Technologies (ICTs), to penetrate countries in all regions of the
world, bridging the digital divide between information haves and have-
nots. Nowadays, millions of users are only connected to the Internet
through mobile devices, especially in the most emerging areas of Asia
and Africa, where the penetration of ﬁxed-line Internet is minuscule, and
electricity infrastructures are falling behind [1]. Mobile networks provide
much wider coverage for Internet connectivity, thus enabling constant ac-
cess to information and increasing the level of access to the information
for a larger number of users. Easy access to the Internet lowers the bar-
rier of being connected with services, education, health care, civic engage-
ment and much more.
As a chemical reaction of the Internet and mobile usage, mobile Inter-
net has dramatically and profoundly changed the way we learn, think
and react with the world. Not since Johannes Gutenberg invented the
17
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printing press, or Alexander Graham Bell the telephone, has a human
invention empowered so many and offered such great possibility for ben-
eﬁting humankind. Mobile technologies lift Internet services into the
next level. Meanwhile, the advance is pushing mobile devices to have
faster CPU/GPU, more powerful hardware, higher resolution display, big-
ger storage, and more powerful software. However, a few areas that are
still lacking and under development are battery- and power-saving tech-
nologies.
1.1 Research Motivation, Methodology and Goals
The fast development of mobile services, along with the advance of radio
communication, hardware manufacture and integration technologies, is
pushing mobile devices to hold powerful computing processors, massive
storage memories, radio interfaces and many different kinds of hardware
components. Intuitively, the average number of applications per smart-
phone is 41, up from 32 last year [2], and the battery life of a smartphone
lasts barely over a day, because the average user looks at the phone 150
times a day according to Tomi Ahonen’s speech during the Mobile Web
Africa conference, 2013. Needless to say, the increasing number of hard-
ware components and installed software are together making the mobile
devices much more power-hungry than ever before. The concerns over the
fast development pace of mobile devices and Internet services are not only
limited to short battery life, but also cover other areas, which lead to the
motivations of this research work as listed below:
1. The ever-increasing demand for mobile devices and wireless services
leads to increased energy consumption on mobile devices. Therefore,
reduction in energy consumption is of great importance. The focus of
energy-saving techniques has been on energy conservation in mobile
systems, essentially due to limited battery technology. The major tech-
nological challenge is to store a large amount of energy in batteries for
increasingly complex mobile devices and yet still deliver reasonable size
and weight. Nonetheless, so long as batteries continue to be based on
electro-chemical processes, limitations of power density and limited life-
time will be difﬁcult to overcome, making it hard to cater to mobile de-
vices with power-hungry features. Even though new battery technolo-
gies may eventually come, designing more energy-efﬁcient systems will
18
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still be important. This has already presented a signiﬁcant barrier to
the continued adoption of mobile Internet services and sustainability of
an acceptable Quality of Experience (QoE) for mobile Internet.
2. The fast development of the mobile communication industry is also at
the cost of signiﬁcant carbon footprint and electricity cost. The whole
ICT sector has been estimated to represent 3% of total carbon emissions
in the world [3] and the total electricity consumption in ICT consumes
5∼10% of the total worldwide electricity consumption [4]. Thus, there
is a strong environmental and economic incentive to reduce energy con-
sumption in this area. Even though mobile devices account for a small
fraction of the total energy consumption, and electricity cost is not a
prime confer of mobile users, it becomes a clear expenditure considering
that the rising number of mobile users and devices can lead to a large ag-
gregate electricity consumption and GreenHouse Gas (GHG) emission.
3. Moreover, energy-saving techniques play a critical role, and have been
gaining social impact and beneﬁts to the society at large for third world
countries. In some Asian and African countries, the lack of readily avail-
able access to electricity is proving to be a major barrier to both adoption
and usage of mobile Internet. Throughout East Africa, the fraction of
the population with mobile Internet access, but no access to electricity,
is growing, particularly in rural areas, where less than 3% of the rural
population has access to electricity [1]. It is clear that the very limited
access to electricity and unreliable electricity supply worsens the prob-
lem in these regions. Therefore, energy-saving solutions that prolong
the mobile battery life are now very essential.
In order to cater to the above-mentioned concerns, energy saving tech-
nologies have been broadly studied by industry and academia, which roughly
fall into the following categories: hardware design, operating system, mid-
dleware, application- and user-related solutions. Irrespective of which
solution for energy savings, a principle research methodology [5] is fol-
lowed: “1) a rich measurement and monitoring infrastructure; 2) accurate
analysis tools and models that predict resource usage and identify trends
and causal relationships, and provide prescriptive feedback; 3) control al-
gorithms and policies that leverages the analysis above to meaningfully
control power (and heat), ideally coordinated across layers”. As a holis-
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tic system, the mobile device can be broken down by its main hardware
components into CPU, memory, touchscreen, graphics hardware, audio,
storage, and various networking interfaces, which are the main energy
consumers of the device. A high level of hardware integration is able to
reduce the power consumption, size and weight of devices. Advanced mo-
bile chips are integrated CPU, graphics accelerators as well as Global Po-
sitioning System (GPS) chips and much more. However, a major problem
with current mobile devices is high power consumption when using net-
working interfaces to transmit data, especially with a Wireless Local Area
Network (WLAN) interface and cellular interfaces. The prior study [6]
demonstrates that the networking interfaces are one of the biggest en-
ergy consumers. Thus, this thesis focuses on the research scope of mo-
bile data transmission on mobile devices. By the time this research was
conducted, the Fourth generation (4G)/Long Term Evolution (LTE) net-
works were neither largely deployed nor available to us. Thus, the energy
consumption in LTE is out of the scope. Yet, we discuss the applicability
of our results in an 4G/LTE environment in Chapter 5. Besides, this dis-
sertation emphasises on investigation of mobile data transmission and its
optimisation for energy saving on mobile devices. Thus, the comparison
of different mobile operating systems, CPU architectures, and radio ac-
cess networks on the energy consumption of mobile devices is out of the
scope as well. More speciﬁcally, the work is categorised into the following
research areas: 1) understanding energy consumption characteristics of
networking interfaces for mobile data transmission; 2) providing energy-
efﬁcient mobile data transmission.
1.2 Contributions
Generally, the research was conducted in four distinct directions that com-
plemented each other. The structure of the research areas and the focus
area of each publication can be seen in Figure 1.1.
In-depth understanding of power consumption characteristics of real
mobile devices is a prerequisite of building energy consumption models,
developing energy-efﬁcient protocols, algorithms, and energy saving solu-
tions. The research started with understanding how energy is consumed
when data are transmitted over wireless network interfaces.
Contribution 1
The observations presented in Publication I and Publication IV clearly
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Figure 1.1. Research contributions and publications
suggests that transmission over the air is highly energy consuming and
the transmission should be shaped into bursty chunks in order to keep
radio interfaces in a low power consumption state as long as possible.
Moreover, based on the fact that the energy consumed on a single bit
transmission over wireless is over 1000 times greater than a single 32-
bit CPU computation [7], we evaluated the trade-off between computation
and communication on modern mobile devices for both uplink and down-
link in Publication II, which shows that compression can be adaptively
used to gain energy beneﬁt when fulﬁlling certain conditions. Another
observation from Publication V and Publication VI reﬂects that Radio Re-
source Control (RRC) in the Third Generation (3G) networks leads in ef-
ﬁcient power consumption of data transmission for downlink.
Prior art
By the time the research was conducted, there were several studies al-
ready in the area. The early research related to measurement of power
consumption of WLAN interfaces was reported in [8], that provides de-
tailed results of the energy consumption of IEEE 802.11 wireless net-
work interface in ad hoc network, and linear equations and some sug-
gestions were given for designing energy-efﬁcient protocols. In the re-
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search done by Ebert et al. [9], the power dissipation of wireless inter-
face was measured for detailed power consumption pattern of sending
and receiving packets with various transmission rate, packet size and
RF transmission power in IEEE 802.11 wireless network. In paper con-
ducted by Perrucci et al. [10], the authors measured power consumed in
sending text messages and using voice services in the Second Genera-
tion (2G) and 3G networks. Another research conducted by Balasubrama-
nian et al. [11] presents a measurement study of energy consumption of
TCP data downloads in Global System for Mobile Communication (GSM),
3G and IEEE 802.11 wireless networks and proposes a protocol named
TailEnder to reduce energy consumption of common mobile applications.
In paper returned by Sharma et al. [12], the authors analysed energy
consumption characteristics of General Packet Radio Services (GPRS)/
Enhanced Data rate for GSM Evolution (EDGE)/3G and WiFi radios on
smartphones and proposes an architecture named Cool-Tether that builds
a WiFi hotspot with a cloud-based gatherer and an energy-aware striper
to provide energy-efﬁcient, affordable connectivity.
In comparison to these studies, the focus of this dissertation is on inves-
tigating power consumption per bit of user data when sending or receiving
data over various wireless links. As power consumption on hand-held de-
vices differs from each other due to hardware and software related factors,
an evaluation over modern hand-held devices provides a more timely un-
derstanding of data transmission in the view of energy efﬁciency, and it is
also possible to offer a chance to explore new approaches for more energy
savings. Therefore, it is necessary to conduct experiments based on the
latest mobile device at the time. The most valuable contributions in Pub-
lication I and Publication IV are comprehensive measurements of power
consumption and energy consumed per bit of 2G, 3G, IEEE 802.11 and
short-range wireless interfaces when sending and receiving packets and
corresponding analysis and comparisons.
Prior art [7, 13, 14] present that it is viable to explore new approaches
for energy savings by applying data compression to mobile communica-
tion. As power consumption on hand-held devices differs from each other
due to hardware and software related factors, an evaluation over modern
hand-held devices provides a fresh understanding of data transmission
and compression. The contribution in the work is to provide a timely
evaluation of a wide number of compression schemes on various types of
web content on modern mobile devices.
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In previous work [15, 16], the the Third Generation Partnership Project
(3GPP) transition state machine was analysed based on measurements,
and the effect of different timer values on power consumption of devices
was examined. Comparably, the work in this dissertation is to analyse the
power consumption of each RRC state and propose a power consumption
model for one of the most energy consuming state for downlink transmis-
sion. Based on the model, a parameter selection mechanism can be pro-
posed to minimise power consumption of constant bit rate transmission
on mobile devices.
Contribution 2
Based on the three main observations, the work proposed several solu-
tions to improve the energy efﬁciency of mobile data transmission corre-
spondingly. Publication II formalises conditions for energy-efﬁcient com-
pression in mobile data transmission and suggests having partially com-
pressed data for uplink data transmission. Publication V presents a pa-
rameter selection criteria, taking signal overhead and transition delay
into consideration for 3GPP state transition machine to minimise power
consumption of constant bit rate transmission on mobile devices. The
work was extended in Publication VI to reduce energy consumption of
video streams.
Prior art
Compared to previously mentioned studies [7, 13, 14], the contribution
in Publication II takes into account that there are limitations both for
communication and compression on mobile devices. These factors have to
be reconsidered when developing an energy-efﬁcient way of utilising data
compression. The work formalises compression conditions for energy-
efﬁcient data transmission, and proposes to use partial compression.
Several works [15, 16, 17] investigate the optimisation task of the RRC
state machine parameter selection and explores the optimal timer values
to save energy. The work presented in Publication V and Publication VI
propose a power consumption model for the RRC transition state machine
and present a parameter selection criteria taking signal overhead and
transition delay into consideration. Furthermore, the work extended to
video transmission, where experimental results show that in this case
the proposed solution allows to save power on video transmission.
Contribution 3
Since mobile web content is taking a considerate amount of Internet
trafﬁc, Publication VII and Publication VIII analyse and evaluate differ-
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ent energy-saving strategies for energy-efﬁcient web access, which led the
research direction to designing and implementing a proxy-based archi-
tecture for energy-efﬁcient mobile web access. After that, the research
focused on solving the problem holistically from several levels to achieve
better efﬁciency. Thus, Publication IX proposes a solution taking consid-
eration of RRC state in the MAC layer, trafﬁc scheduling in the Transport
layer and header compression in the Application layer.
Prior art
In a previous study done by Qian et al. [18], the Tail Optimisation Pro-
tocol (TOP) dynamically determines the values of the inactivity timers
and terminates the tail energy if no further data transmission is needed.
The approach predicts the end of trafﬁc transmission to utilise fast dor-
mancy to conﬁgure the radio to low power consumption states. Another
type of solution is to aggregate trafﬁc with prefetching, such as TailEn-
der [11], which aggregates prefetched data of delay-tolerant applications
into large ones so that the tail energy is reduced. TailTheft [19, 20] uses
a virtual tail time mechanism for making better decisions on when to per-
form prefetching and when to terminate tail transmission in order to fully
utilise unused tail time and reduce total transmission time.
In comparison with the work in this dissertation, our study utilises the
principle of split TCP to optimise Hypertext Transfer Protocol (HTTP)
downloading over wireless links, and focuses on leveraging RLC buffer
threshold to keep the mobile device in lower power consumption state.
Some other studies of energy-efﬁcient web browsing have also been re-
ported in prior work. For example, the Power Aware Web Proxy (PAWP) [21]
designs an architecture to schedule web trafﬁc so that WLAN interface
can be turned off and remain in a low power state for longer periods after
active data exchange between the mobile device and proxy. The Network
Connectivity Proxy (NCP) [22] proposes a SOCKS-based proxy on behalf
of a mobile device to maintain full network presence, allowing the device
to stay idle and in a low power consumption state. The proxy preserves
TCP connections and UDP ﬂows for the sleeping device to achieve signiﬁ-
cant energy savings. Another approach is reported on paper [23] by Zhao
et al., which proposes an architecture called Virtual-Machine based Proxy
(VMP). VMP shifts computation from the mobile device to the proxy in 3G
networks, where the proxy handles HTTP requests, replies, execution of
JavaScript and rendering of web objects. Then, a screenshot of the ren-
dered web page is compressed, transferred and displayed on the mobile
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device. Since the heavy lifting is ofﬂoaded to the proxy, energy savings
become possible.
In comparison with the proxy-based solutions for energy-efﬁcient web
browsing, our solution utilises bundling and header compression to cater
to the energy consumption characteristics of WLAN and 3G networks.
The selective compression applied is lossless compression, which does not
alter original web content and still provides signiﬁcant improvement of
energy consumption along with other techniques. In addition, the solution
does not require any modiﬁcation on web browser and web servers, thus
it can be deployed incrementally.
The contributions in this dissertation are primarily seeking to enable
lower energy consumption for devices operating already in current net-
works, without needs to modify the basic operation and standardisation
of the existing radio networks. However, the insights and results pre-
sented in the dissertation can be valuable inputs for future development
of radio technologies and standardisation organisations.
1.3 Structure of the Thesis
This dissertation consists of a summary and nine original articles. The
rest of the thesis is structured as follows: in Chapter 2, the status of mo-
bile communication and services as well as the rising issues regarding
energy consumption, are presented. Chapter 3 presents the understand-
ing of power consumption of mobile data transmission in the perspective
of power consumption characteristics of radio interfaces, and depicts the
energy trade-off between computation and communication. In Chapter
4, two solutions to reduce energy consumption of mobile data transmis-
sion are presented, namely using compression and using a performance-
enhanced proxy. After that, Chapter 5 summarises the research results,
discusses a few open questions and presents future research directions.
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2. Evolution of Mobile Internet
The Internet is increasingly wireless and continues its explosive growth
with non-PC devices from mobile phones to tablets, wearable electronic
devices to Machine-to-Machine (M2M) devices. With the fast growth of
mobile Internet, almost half of all IP trafﬁc will originate with non-PC
devices by 2017, raising new opportunities and challenges for mobile op-
erators, service providers as well as mobile users [24]. This chapter starts
with presenting the evolution of mobile Internet in Section 2.1 to elabo-
rate the development of mobile wireless communications and the corre-
sponding adaption of Internet services. Then, Section 2.2 focuses on the
pains and challenges along with the evolution, especially from an energy
consumption point of view. After that, Section 2.3 shortly summarises this
chapter.
2.1 From Telephony towards Mobile Internet
As reﬂected by the following listed facts, mobile device uptake has grown
at a strong pace around the world.
• Global PC shipments dropped 11.2% to 79.2 million units in the ﬁrst
quarter of 2013 compared to the same period in 2012 - the steepest de-
cline since 1994 [25]. There is no clear sign of recovery since the ship-
ments only reached 79.4 million units in the third quarter of 2014 [26].
• There were 7.1 billion mobile subscriptions worldwide in 2014. The
growth is led by China and India, which now account for over 30% of
world subscriptions [27, 28].
• By 2020, the number of mobile devices is expected to surpass the world’s
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population and reach 9.5 billion [28].
• Mobile data trafﬁc will surpass long-haul trafﬁc in 2015 and will con-
tinue to grow and account for 64% of tattle IP trafﬁc in 2018 [24].
• There were over 1.2 Billion people accessing web content from their mo-
bile phones in 2013 [27].
• In 2014, Facebook was receiving fewer PC visitors than mobile visi-
tors, showing a clear sign of the transformation in social network’s busi-
ness [29].
• 25% of US web users, 59% of India web users and 85% of African web
users are mobile-only web users [27].
As can be seen, the Internet trafﬁc characteristics, the carrier of the traf-
ﬁc and the way users access the Internet have been dramatically changing
during recent years. As a result of high demand for growing subscriber
base and emerging Internet services while moving from telephony to mo-
bile Internet, infrastructure of mobile network is fundamentally changing
to be more service-centric rather than transport-centric. Internet services
and applications are on the rise, allowing numerous service and content
providers to be more creative in offering new services that meet the user
demands and desires. The mobile networks and Internet services are sup-
portive of each other for fast development. The following sections describe
the evolution of mobile Internet from its mobile networks to its services.
2.1.1 Evolution of Mobile Communication Networks
This section describes the generations of mobile communication networks,
in particular the evolution of radio technologies, and the other wireless
technologies as a complementary system. As a whole, all the radio tech-
nologies should be integrated to deliver services across different networks
with high spectral and bandwidth efﬁciency.
The Evolution of the Mobile Network From 1G to 4G
During the early ’80s, the First Generation (1G) mobile systems, based
on analog radio transmission techniques, were deployed to provide voice
services using Frequency Division Multiple Access (FDMA), and used circuit-
switched technologies in the network core.
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The evolution actually started in the early ’90s, with the replacement of
the analog mobile network with the digital one, 2G mobile systems, which
are still in wide use today to provide data and voice services. This gener-
ation allows mobile users to be accommodated in radio spectrum through
either FDMA (IS-95) and Time Division Multiple Access (TDMA) (GSM,
IS-54, PDC). GSM as one of the 2G digital wireless telephone technolo-
gies was initially from Europe but has been widely spread to almost all
countries. It was originally based on circuit switched network optimised
for full duplex voice telephony. The “2.5G”, GPRS keeps the GSM ra-
dio modulation, frequency bands and frame structure, but implements a
packet-switched network domain in addition to circuit-switched domain.
EDGE is considered as “2.75G” technology, with a new radio modulation
scheme introduced to triple the bandwidth offered by GPRS [30].
To provide a truly mobile broadband experience globally, 3G was de-
ﬁned by International Telecommunication Union (ITU) with the IMT-2000
standard, which has been gradually fulﬁlled by 3GPP [31]. Two main pro-
posed systems for 3G are Code Division Multiple Access (CMDA) multi-
carrier based CDMA2000, and FDD and TDD based Universal Mobile
Telecommunications (UMTS), which deploys Wide-band CDMA (WCDMA)
and Time-Division-Synchronous CDMA (TD-SCDMA) separately. Later
on, High Speed Packet Access (HSPA) utilises higher order modulation
(64QAM) and multiple-antenna technique ( MIMO for “Multiple-Input
and Multiple-Output”) to achieve high speed in both downlink and up-
link [32].
As a successor of 3G, 4G mobile network is to accomplish new levels of
user experience of data communications using an All-IP design with “free-
dom and ﬂexibility to select any desired service with reasonable QoS and
affordable price anytime, anywhere" speciﬁed by ITU-R as IMT-Advanced
speciﬁcation. As deﬁned in 3GPP, LTE-Advanced is based on an all-IP
packet-switched network including Orthogonal Frequency-Division Mul-
tiple Access (OFDMA), MIMO, scalable channel bandwidth usage and link
spectral efﬁciency to provide data rates up to 1.5 Gbit/s for uplink and up
to 3 Gbit/s for downlink. Also, IEEE is evolving Worldwide Interoperabil-
ity for Microwave Access (WiMAX) through IEEE 802.16m to meet 4G
requirements [33].
The evolution path of mobile networks is elaborated in Figure 2.1. As
the radio technologies advanced from CDMA and TDMA to OFDM and
MIMO, the mobile network architecture has also been developed from
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circuit-switched network to packet-switched network, and towards All-IP
with layered network architectures. As backhaul networks shift from the
access layer to the distribution layer, the circuit-switched domain is elim-
inated, and an efﬁcient delivery of packet-oriented multimedia services
with higher data rates and lower latency is enabled [31].
WLAN and Other Wireless Technologies as a Complementary
System
Cellular networks are currently limited by insufﬁcient spectrum allo-
cation, cell size trade-offs and costly infrastructures, which have become
show-stoppers of cellular networks to be pervasive [34]. Femtocells have
so far been deployed as coverage enhancements of cellular networks, espe-
cially for indoor users. However, the cost of data usage is likely to remain
high, as the technologies are licensed spectrum-based. This, in turn, re-
quires complementary access technologies to augment both coverage and
capacity for affordable, ﬂexible and ubiquitous communications. As pre-
dicted, mobile ofﬂoad increases from 33% in 2012 to 46% in 2017, reaching
9.6 exabytes/month [24].
WLAN as one of the most prevalent unlicensed wireless technologies
has been standardised with IEEEE 802.11 and branded as “Wi-Fi". IEEE
802.11n can provide bit-rates up to 600 Mbit/s and IEEE 802.11ac is able
to support bit-rates up to almost 7 Gbit/s . Wi-Fi provides mobile de-
vices Internet access with coverage of private homes, businesses or public
spaces. Wi-Fi hotspots are also often considered as a key part of mobile
infrastructure to ofﬂoad data from 3G/4G networks.
Most of the mobile Internet trafﬁc is generated by cellular and WLAN
network users, but mobile trafﬁc has also led to growth by communica-
tions between machines, sensors or mobile phones. M2M technologies are
being used across a broad spectrum of industries, such as in smart grid
for automated monitoring and control, vehicular telematics for navigation
and diagnostics, and healthcare for recording a patient’s blood pressure,
heart rate and body temperature. These machine-generated data are au-
tomatically transmitted from machines to M2M servers to support cloud-
based mass devices management and services either 1) directly though
cellular/WLAN networks or 2) through short-range wireless networks.
e.g. Wireless Personal Area Network (PAN) or Wireless Body Area Net-
work (WBAN) networks, as the devices are sensitive to cost or power con-
sumption. With short-range wireless technologies, an M2M gateway can
collect and aggregate all the data from the devices, allowing a ﬁnal up-
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Figure 2.1. Evolution of mobile networks
link through cellular or WiFi connections. There are various technologies
including Bluetooth, ZigBee, ANT, Near Field Communication (NFC) and
Ultra-wideband Low End Extension (UWBLEE), whose speciﬁcations are
listed in Table 2.1.
Satellite communication provides maritime, broadcasting, navigational,
meteorological, aeronautical and mobile satellite services. Even though it
has many advantages, such as large coverage and no geographic limita-
tion, the power and bandwidth availability are severely limited under the
mobile satellite communications environment. Therefore, satellite com-
munication has been used as a complementary system and gap ﬁllers,
covering remote areas where there is no ﬁxed or cellular networks [35].
Satellite communication has also proved to be an inalienable part of the
mobile communication system in case of serious damage to infrastructure
of terrestrial mobile communication is caused by natural disasters. How-
ever, satellite communication has the potential to become an alternative
for ubiquitous communications since integration with terrestrial commu-
nication system, capacity, performance, spectrum efﬁciency and coverage
are expected to be signiﬁcantly improved in coming years [36].
Currently, cellular networks provide full coverage and consistent con-
nectivity. Wi-Fi networks as hotspots offer high bit-rates and affordable
access, and short-range networks provide interconnectivity between de-
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Table 2.1. Wireless technologies with unlicensed-band
Technologies Frequency Band Max Rate Range Power Standards
WiFi
2.45GHz, 3.6GHz
and 5GHz 540Mbit/s 100m High IEEE 802.11
Bluetooth 2.4GHz 3Mbit/s
1m, 10m
and 100m Medium IEEE 802.15.1
Bluetooth LE 2.4GHz 1Mbit/s 5-15m Low
ZigBee
2.4GHz, 868MHz,
and 915MHz 250kbit/s 50m Low IEEE 802.15.4
ANT 2.45GHz 1Mbit/s 5m Proprietary
NFC 13.65GHz 442kbit/s 2cm Low ISO 14443
RFID
860-930MHz,
and2.45GHz 4Mbit/s 5cm Low ISO 18000-4
UWBLEE 900MHz, 7.9GHz 112Mbit/s 10cm Low
vices. The evolution direction of mobile networks is pervasive, spectrum
efﬁcient and with high bit-rates and also cheap costs. When the mobile
network is moving towards becoming service-centric, it requires the net-
work to transparently deliver differentiated services across a fully seam-
less network operating on diverse wireless technologies, with an IP-based
backhaul in an optimum way, and to be able to handle rapidly increasing
trafﬁc in its backhaul.
2.1.2 Drivers of Mobile Internet Usage
Technical advances, both large and small, continue to reform mobile de-
vices, transforming mobile phones from huge brick-like devices into stylish
smartphones carried with us everyday. In particular, we have seen steady
advances in mobile Internet services, bringing convenience, health, a new
lifestyle and entertainment to people, productivity and cost efﬁciency to
businesses, and safety and sustainability to societies. With the increasing
number of mobile devices and services today, mobile usage is expanding
rapidly with web content, audio, video and emergence of connected cars,
drones and wearable electronics [37]. Fast declining costs of connectivity
and ubiquitous Internet access is the fundamental technical enabler for
modern Internet usage, and there are several other enablers to skyrocket
mobile connected devices to a magnitude of billions [38], which will be
discussed in the following paragraphs.
Mobile Web: Since Sir Tim Berner-Lee invented the ﬁrst web browser
in 1990 [39], web technology has shifted from Web 1.0 to Web 2.0, from
a static, non-interactive way of accessing Internet information to a social
revolution in the use of web technologies [40]. In the era of Web 2.0, the
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rise of social networking and user-generated content has engaged users
in accessing web-based services. There are several web-related concepts
encompassed by the umbrella of Web 2.0, including techniques (blogs, Re-
ally Simple Syndication (RSS), WiKis, mashups, tags (folksonomies) and
social networking), standards (XHTML, CSS, REST, and HTML5), and
tools (AJAX, mashup APIs, WiKi engines) [41].
Web 2.0’s extravagance is not suited to mobile devices’s limited battery
life, relatively small screens and computing resources. These facts lead to
mobile Web 2.0 as a successor to Web 2.0 to cope with the limitations and
leverage the opportunities of location-based and other environment-aware
services [42]. After the ﬁrst commercial mobile web browser, NetHop-
per was launched in 1996 [39], microbrowsers such as Wireless Applica-
tion Protocol (WAP) 1 and NTT DoCoMo’s i-mode browser 2, enabled mo-
bile users to interact with mobile service providers via cellular networks.
Nowadays, WebKit 3, Presto 4 and Gecko 5-based mobile web browsers, to-
gether with Web 2.0 trends, introduce new QoE of Internet services, lead-
ing a transition towards mobile Web 2.0 [43]. Mobile Web 2.0 is a frame-
work of mobile Internet services with emphasis on delivering Web 2.0 ser-
vices, especially mobile instant messaging, location-based services, mobile
search and social networking to users via mobile web browsers [42].
The rise of mobile Web 2.0 and user generated content has accelerated
the growth of mobile usage. The mobile device is an inherently personal
device, which contains a huge amount of personal information and where-
abouts, making it a logical extension for social networks and other collab-
orative Web 2.0 services. In 2011, 50% of the total active Twitter users
were mobile users and they contributed 40% of all tweets [38]. Accord-
ing to Mary Meeker’s report of “2013 Internet Trends" [37], mobile has
helped Facebook increase mobile subscriptions by 54% and revenue by
43%. With more efﬁcient advertisement, based on personal information
collected from mobile devices, the rising mobile Average Revenue Per User
(ARPU) has offset declining desktop ARPU, early 2013.
“Semantic Web" proposed by Tim Berners-Lee, Jim Handler and Ora
Lassila in 2001 [44], is a framework to link and structure data on the
1WAP, http://technical.openmobilealliance.org/tech/afﬁliates/wap/wapindex.html
2i-mode browser, http://www.nttdocomo.co.jp/english/service/developer/make/content/browser/
3WebKit, http://www.webkit.org/
4Presto, http://www.opera.com/docs/specs/presto2.12/
5Gecko, https://developer.mozilla.org/en-US/docs/Mozilla/Gecko?redirectlocale=en-
US&redirectslug=Geckowebkit
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web, deﬁned in such a way that they can be understood and exchanged
not only between humans but also machines. Web 3.0, the next phase of
the web evolution, is considered as an extension of Web 2.0 applications
using semantic web technologies and linked data [45, 46]. With Web 3.0,
rich Web 2.0 applications and social media will be brought to machines,
especially mobile devices. The aggregation of human-generated data and
machine-generated data will enable a new level of mobile Internet usage.
Mobile Apps: Mobile apps as pieces of software running on mobile de-
vices were originally to provide add-on functionalities to mobile operating
systems for general productivity, and the distribution of mobile content
and services was dominated by mobile network operators. Even though
NTT DoCoMo’s i-mode environment had long been an example of success
in mobile content distribution, the surge of mobile apps started when Ap-
ple released the iPhone in 2007 and the subsequent launch of the Apple
App Store. The App store introduced a simple access to app marketplaces
and an attractive revenue share model for developers [47, 48]. Since then,
mobile app stores have become a primary way of distributing mobile apps,
which is understandable, given that 300.000 apps were available in the
Apple App Store and more than 160.000 were available at Google’s An-
droid Play (formerly Marketplace) at the end of 2010 [49]. By April of
2012, more than 25 billion apps were downloaded from the App Store and
15 billion downloads from Google Play, and the total number of app down-
loads is predicted to be over 44 billion by 2016 [50].
Mobile apps themselves not only become one of the major channels to de-
liver digital content and services to end users, but also drive the way for
end users to communicate, shop, play and work, accelerating mobile Inter-
net usage. Mobile apps, as one of the primary drivers of mobile Internet
usage, have become a gateway to the Internet due to its convenience and
effective delivery of personalised information [51]. Video trafﬁc created by
mobile apps like YouTube, combined with social services like Viddy6 and
collaborative services like Skype, are contributing a tremendous amount
of mobile trafﬁc. Besides, mobile app powered search, commerce, social
networking, instant messaging, context-aware services and others are the
main drivers in the rise of big data. For example, the total user base con-
suming location-based services will reach 1.4 billion, and mobile e-mail
users are expected to reach 713 million by 2014 [52].
Cloud, M2M and New Opportunities: Cloud computing utilises vir-
6Viddy, http://http://www.viddy.com/
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tualisation technologies and computing hardware to enable web-based,
value-added services on a resource-shared infrastructure [53]. Cloud ser-
vices in general have three predominant service models, utilising infras-
tructure, platform and software-as-a-service [54]. Despite most beneﬁts,
such as lowering cost of operation, centralised security control, agility
of provisioning resources, cloud computing shifts heavy back-end devel-
opment from developers and service providers to cloud, enabling cloud
clients to interact with cloud services with web browsers or browser-based
mobile apps. The cloud application uses a thin client on a mobile de-
vice, while the service logic and data reside in the cloud; Google Maps,
YouTube, Wikipedia and thousands of others have been mobile-enabled
in this way. Chromebook 7 is an extreme example of using thin clients
and cloud services. In the last few years, cloud computing has had a mo-
mentous and remarkable growth. Up to 30% of top global companies will
broker more than two cloud services by 2014, and 40% of mobile apps de-
veloped will leverage cloud mobile back-end services by 2016 [55]. The
rise of cloud computing has created expectations of consuming cloud ser-
vices anytime and anywhere from desktops, laptops and mobile devices.
In parallel to cloud computing, M2M communication is able to connect
billions of sensors and other machines to the Internet. By leveraging the
power of cloud computing, this communication has been introduced as
"Internet of Things" (IoT) [56]. M2M empowers the areas of automotive
navigation, telematics, metering, healthcare, tracking, payment, vending,
security and more with centralised decision making and management
within the cloud. Propelled by the development of IP-enabled devices
and the advance of global mobile connectivity, the explosion of bandwidth-
intensive M2M communication will fuel big data growth [57]. According to
the Cisco Visual Networking Index [24], industrial segments of healthcare
and automotive are expected to experience 74% and 42% Compound An-
nual Growth Rate (CAGR) from 2012 to 2017. Moreover, sensor-enabled
wearable and ﬂyable attributes [37], augmented reality [58], and mobile
payments are also catalysts for boosting mobile Internet usage.
2.1.3 Trends of Mobile Internet Usage
The development of mobile communication networks and related tech-
nologies is booming up the volume of mobile trafﬁc, which is expected to
7Chromebook, http://www.google.com/intl/en/chrome/devices/
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experience an immense explosion in the following years based on the cur-
rent trends of the number of mobile subscriptions and devices, and grow-
ing mobile Internet services. Global mobile Internet trafﬁc grew 70%,
reaching 885 petabytes per month in 2012, and the trafﬁc is expected to
increase 13-fold by 2017, reaching 11.2 exabytes monthly. The mobile
Internet trafﬁc will grow at a CAGR of 66% from 2012 to 2017 and con-
tributes 68% of the total Internet trafﬁc by 2017 [24, 59].
Among various types of trafﬁc, video is the largest contributor to mobile
Internet trafﬁc. The amount of mobile video trafﬁc will increase 16-fold
between 2012 and 2017, accounting for 66% of total mobile Internet trafﬁc
by 2017 [24]. The boosting mobile video trafﬁc is foreseen to be driven by:
1) emerging fast network speed (HSPA and LTE), 2) increasing video qual-
ity (HDTV and 3D), 3) larger screens of mobile devices, 4) more convenient
video transmission technologies(HTML5 and WebRTC), and 5) continual
growth in video content and services(video conferencing, VoD, virtual re-
ality sharing and gaming).
In 2012, web browsing accounted for 30% of all web trafﬁc and is ex-
pected to increase 50% by 2014 [24]. By 2018, web browsing will consti-
tute 10% of the total mobile data trafﬁc [59]. Another equivalent contrib-
utor is social networking, which will account for 9% of mobile Internet
trafﬁc by 2018 [59]. Social networking is a collection of segmented infor-
mation generated spontaneously. It is more natural for users to update
their social network statues via mobile devices. Moreover, social network-
ing has become a primary channel of advertising, business campaign, and
integration of online gaming. Meanwhile, its non-social networking func-
tionalities are also boosting the volume of trafﬁc, such as social network
authentications and search.
Even though video trafﬁc dominates the share of mobile Internet trafﬁc,
M2M has the potential to lead the trafﬁc volume, considering the amount
of mobile trafﬁc from various scenarios, especially from bandwidth-intensive
application, such as real-time information monitoring. It is predicted that
there will be 225 million cellular M2M devices, resulting in signiﬁcant
mobile trafﬁc by 2014 [60] and presenting 5% of global mobile data trafﬁc
by 2016 [24].
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2.2 Challenges in the Mobile Internet Evolution
The booming of mobile trafﬁc can be foreseen while wireless network
infrastructure, mobile devices and various applications are advancing.
Meanwhile, the insatiable demand for mobile data worldwide is creating
challenges and pains for operators and content providers. Moreover, the
ever-increasing demand for mobile devices and skyrocketing amount of
mobile Internet trafﬁc can also lead to issues for end users and the whole
society at large. As this dissertation focuses on energy efﬁciency and en-
ergy savings, the following sections will describe energy-efﬁciency-related
challenges, mainly focusing on CO2 emission, electricity consumption and
the impact on QoE.
2.2.1 Rising CO2 Footprint and Energy Consumption of Mobile
Internet
ICT has been one of the fastest growing sectors of the economy, and is
expected to continue to grow at a rapid rate in coming years, but at the
price of increased carbon footprint. The ICT footprint implies the envi-
ronmental impact created by all individual ICT devices and networks.
In 2007, the ICT sector was accountable for 1.3% of worldwide CO2 emis-
sions, which equals 620 Mt of CO2. The study [61] found that GreenHouse
Gas (GHG) generated per average user has decreased from about 300 kg
CO2e in 1995 to about 100 kg in 2007, and is estimated to drop further
to 80 kg by 2020 due to improving energy efﬁciency of ICT equipment.
Meanwhile, the carbon footprint per gigabyte also shows a decline from
about 75 kg/GB 1995 down to about 7 kg/GB in 2007 [62]. However, the
estimated total CO2 will increase to 1.9%, giving about 1100 Mt of CO2 by
2020 [63, 64]. This is mainly because the number of Internet-connected
devices is foreseen to be more than doubled in 2020. Strong evidence
shows that climate change is happening, and the GHG emission is identi-
ﬁed as the root of this change and most air pollution. In order to achieve
a low CO2 and sustainable economy, the EU is committed to taking ur-
gent action by reducing GHG emission to a manageable level that would
limit the global temperature increase to 2 ◦C compared to pre-industrial
levels [65].
The increasing GHG emissions are produced from the fossil-fuel-generated
electricity that is used to power all the ICT devices and networks. The ICT
energy consumption is becoming a signiﬁcant portion of the energy con-
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sumption worldwide, and this portion is expected to grow dramatically
over the coming years. The current estimation is that the ICT sector con-
sumes around 6∼10% of the world’s energy [66] and is foreseen to increase
by 60% from 2007 to 2020 [61]. All ICT devices, networks and services are
dependent on electricity to function. Oil and gas prices have doubled over
the past three years, with electricity prices following [67]. The increas-
ing electricity cost has already been a huge presence of ICT operating
expense.
Typically, the ICT footprint refers to the environmental impact created
by wireless and ﬁxed telecommunication networks, data centres, and all
equipment connected to the networks including mobile phones, tablets
and PCs. Currently, the most signiﬁcant ICT footprint may be accounted
to PCs and data centres [62, 61]. The GHG emissions and energy con-
sumption per PC were dropped due to the change from cathode ray tube
screens to ﬂat panels and from desktops to laptops. The presence of PCs is
expected to decrease in the future, considering the fast growth of mobile
Internet and the emerging cloud computing. Cloud computing provides
software, platform and infrastructure as a service with elasticity, reliabil-
ity and constant availability, requiring running servers, cooling systems,
power supplies and voltage converters, which are all powered by electric-
ity. The consumption has introduced high electricity costs and GHG emis-
sions. In 2007, the global data centre footprint was around 90 Mt CO2
and is expected to grow to 259 Mt CO2 by 2020, making data centres the
fastest growing [62, 68]. Fixed-line networks, including local area net-
works and data transport networks, contribute around 15% of the total
GHG emissions of ICT, and the rate is not expected to see a high increase
in the future [62].
In addition to the environmental and economic cost of data centres, ﬁxed
networks and PCs, there is a a strong incentive to reduce energy consump-
tion of mobile communications given the rising number of mobile devices
and network infrastructures. The GHG emissions of mobile networks,
including wireless access points, is expected to be 235 Mt CO2 by 2020,
where the footprint of Radio Access Network (RAN) dominates the overall
GHG footprint. The average RAN electricity consumption per subscrip-
tion was about 17 kWh and decreases about 8% every year. The amount
of energy consumption is predicted to be 88 TWh/year by 2020. Compared
to the RAN, the power consumption of a femto cell is around 8∼10 W. It
can be assumed that the power consumption would drop to 5 W by 2020,
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and total energy consumption will be less than 5% of that consumed by the
global RAN [69]. With the emerging convergence between cloud comput-
ing and wireless communications, an increasing number of users access
cloud services from anywhere, at anytime wirelessly. A study [70] indi-
cates that wireless access technologies, such as WLAN and LTE, will be
the dominant methods for accessing cloud services instead of wired con-
nections, and the density of wireless base stations will increase by 1000
times to meet the demand of huge mobile trafﬁc volume. Therefore, the
total energy consumption of cloud services accessed via wireless networks
(wireless cloud energy consumption) could reach between 32 TWh and 43
TWh by 2015, where wireless communications, including mobile commu-
nications and WLAN technologies, would account for 90% of total wireless
cloud energy consumption, while data centres account for only around 9%.
One study [69] estimated that a mobile device generates 18 kg CO2 for
manufacturing and 2 kWh/year for operating on average. Although the
energy consumption and footprints of mobile devices are relatively small,
it is still essential to keep the energy consumption as low as possible since
users require connection with cloud services all the time via mobile de-
vices, which are always power starving due to the performance limitation
of batteries.
2.2.2 Quality of User Experience
The fast growth of mobile Internet services and mobile data trafﬁc is
not only at the cost of GHG footprints and energy consumption, but also
presents a signiﬁcant barrier to continued adoption of mobile Internet ser-
vices and sustainability of an acceptable QoE for mobile Internet. With
the transition from wired networks to wireless networks, mobile devices
are treated as a gateway to one’s daily life, providing not only entertain-
ment but also access to work. However, the ubiquitousness and mobility
is compromised by limited battery life of mobile devices.
There have been various studies on Human-Battery Interaction (HBI) to
investigate how mobile phone users behave with limited battery lifetime
by conducting user behaviour surveys and tracking their mobile phone
statues, such as charging activity and battery level. A typical scenario
almost all users ran into is that mobile users feel disturbed when mobile
devices were running out of battery, and more disturbed when the devices
turn off and users lose important phone calls due to unpredictable battery
life. According to the study [71], most mobile users consistently charged
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their devices during the day and again overnight, and were not satisﬁed
with the longevity of their devices’s battery. Similar frustration can be
found from another study [72] as well. Nearly one-ﬁfth of the users ex-
perienced a dead battery at least once a week, and about half of them
reported it one or more times per month. The study also shows that 63%
of mobile users reported low-battery warning at least 1∼2 times per week
with 18% of those seeing one between 3∼9 times per week.
There are several reasons of causing such degraded QoE, some of which
are elaborated as follows.
• Battery Technology: According to the HBI studies, mobile users have
limited understanding and little indication about how to manage bat-
tery life and energy-consuming applications. This can be improved by
providing ﬁne-grained information and Interactive Battery Interface (IBI)
to effectively deal with the limited battery lifetime. However, a non-
neglectable fact is that current battery technologies are topping out in
capacity, while demands of mobile devices for capabilities and perfor-
mance are driving higher power consumption.
The state-of-the-art integrated circuits doubles processing every two
years, more or less following Moore’s Law. However, the law does not
apply to battery technologies due to some challenges, one of which is to-
day’s lithium-ion batteries have limitations in storing large amounts of
energy with reasonable size and weight. More speciﬁcally, each battery
has a graphite electrode and a metal oxide electric. The charge stored
by the battery is released when lithium-ions move from one electrode to
the other. However, the graphite anode that the battery generally uses
has to be fairly large to store enough power. Thus, so long as batteries
continue to be based on electro-chemical processes, limitations of power
density will be difﬁcult to overcome.
Great efforts of improving battery capacity continue. Recently, a team
of the University of Maryland replaced the graphite anodes with silicon
and grew beads of silicon on a Carbon NanoTube (CNT). New chemical
processes have been developed to create a resilient structure for silicon
to be charged with lithium-ions [73]. The breakthrough may lead to
vastly improved power density and more charge/discharge cycles than it
does today. There are also others working on ﬁnding less bulky replace-
ment material. However, there is still much to do until the technologies
can be applied to commercial mobile phone batteries.
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Due to the lagging behind of battery technology, research and develop-
ment has been focusing on energy conservation and saving techniques
on mobile devices.
• Various Radio Interfaces: A common situation found in HBI studies
is that the battery lasts no more than a few hours when a mobile device
is continuously transmitting data, such as watching video streaming,
using a mobile device as a modem, or downloading large ﬁles. This is
a simple reﬂection of the fact that radio chipsets are the most power-
consuming components and needed in various occasions to transmit bits
in mobile devices nowadays.
A race is already happening among mobile devices manufactories, who
have realised that just offering voice, SMS and a colour display nowa-
days is far from enough. Products have to seamlessly enable support
for multiple radio interfaces for providing "always-on" Internet connec-
tivity and higher data rates via either 2G, 3G, 4G or WLAN. Due to re-
quirements of high data rates, the complexity of radio interfaces doubles
every 2.5 years. The Very Large Scale Integration (VSLI) horsepower
grows from 0.1 Giga-Instructions per second Giga-Instructions per sec-
ond (GIPS) for GSM, to 2 GIPS for UMTS, and beyond 10 GIPS for
LTE [74]. Moreover, the products also need high computational power
and storage to keep pace with this trend. Last but not least, a number of
sensors and short-range radios are equipped to provide cutting-edge ser-
vices, using GPS to develop location-aware applications, accelerometer
for motion tracking, Near Field Communication (NFC) for mobile pay-
ment, and Bluetooth for short-range and energy-efﬁcient transmission
and connecting to other hardware within the range. Various radio inter-
faces and sensors increase the feature-set of a mobile device. However,
as a consequence, their processing power increases power constrains,
which is bottlenecked by limited battery life.
Interesting research has been done in the area. A quantitative study [75]
presents a trace-driven simulation on the performance of 3G mobile data
ofﬂoading to WiFi networks, indicating that WiFi ofﬂoaded about 65% of
the total mobile data trafﬁc and saved 55% of battery power by the time
the study was conducted in 2012. The delay of data transfer can further
achieve higher energy saving. Another study [76] presents a system
called Wifﬂer, which brings two key ideas: leveraging delay tolerance
and fast switching to reduce 3G usage of moving vehicles in cities. The
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Wifﬂer predicts WiFi connectivity based on the average throughput of-
fered by an AP and the number of APs that will be encountered until a
given future time interval. Then, the prediction results instruct the sys-
tem when to delay transfer and ofﬂoad data from 3G networks to WiFi
networks. By combining different networks, the total cost of 3G data
transfer can be reduced by almost half for a delay tolerance of 1 minute.
• Non-optimised Mobile Applications and Services: Nowadays, the
SDKs provided by vendors like Apple and Google give an easy entry
for software developers to make mobile applications. However, on one
hand, limited power consumption information exposed by the operat-
ing systems and non-optimised system-level power management set up
obstacles for developers to address energy consumption issues in the
ﬁrst place; on the another hand, many developers have limited expe-
rience with energy-constrained mobile operating systems, which leads
to unintentional and unfortunate power-hungry software design deci-
sions. Thus, power consumption information, together with processing
power, display size and input capability, should be considered as one of
the most important limitations in developing applications and services
for mobile devices [77]. For example, heartbeat messages are often used
by mobile applications and service backends to maintain connections
between each other and update their status. Intuitively, the more fre-
quently the heartbeats are sent, the better synchronisation of services
is. However, frequent heartbeats are one of the causes of the limited
battery life, since the data transmission keeps radio interfaces always
active. For iOS devices, background applications do not generate heart-
beat messages when the screen is switched off. Due to the lack of a uni-
ﬁed heartbeat mechanism in system-level of Android devices, the num-
ber of connections is 15 times that of iOS devices when a mobile device is
in connected status [78]. Besides, heartbeat messages, together with a
fast dormancy feature of cellular networks, also increase access request
and paging signalling in the networks. Two studies [79, 80] give deep
insights that always-on type applications can lead to unacceptable short
battery lifetimes as well as massive signalling in 3G and 4G networks.
• Wireless Network: One unavoidable issue effecting QoE is wireless
network latency. In wired networks, network latency is much lower, and
QoE can be ensured by trafﬁc engineering and over-provisioning to min-
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imise latency and avoid network congestion. However, wireless Internet
connections are different from the wired counterparts. Any number of
physical or electromagnetic barriers can introduce interference to wire-
less signal and adversely impact the effective bandwidth. The mobility
of mobile users can even worsen the quality. Publication IX presents
solid measurement results showing wireless data transmission experi-
ences high and variable latency, and TCP throughput is ﬂuctuated. La-
tency inﬂation could lead to high retransmission, potential TCP SYN
timeout, high recovery time and packet losses. The high latency can
severely affect QoE of services such as visiting a website easily. Since
HTTP message exchange is based on request and reply between a mobile
device and web server, including DNS (Domain Name System) lookup
messages, a wireless link creates various latency for all of these back
and forth transmissions, and dramatically increase page downloading
time.
Poor connectivity and signal coverage are always obstacles for mo-
bile data transfer. One way [81] to tackle the problem is to combine
multiple network interfaces on mobile devices. The solution uses Open
vSwitch to stitch multiple networks together at the same time for higher
throughput, minimised loss, delay and power consumption without re-
establishing TCP state due to handovers. Moreover, the study done by
Ding et al. [82] quantiﬁes the power consumption on data transfer in-
duced by poor wireless signal strength, and introduces a system-call-
driven power model to incorporate the signal strength factor. The re-
sults show that delaying background trafﬁc can reduce the total energy
consumption of data communication by up to 23.7% and 21.5% under
WiFi and 3G respectively, with a maximum delay of 12 hours. In an-
other study done by Ra et al. [83], an optimal online algorithm was
presented for energy-delay tradeoff using the Lyapunov optimisation
framework, that can achieve near-optimal power consumption by au-
tomatically adapting to three factors, namely wireless channel condi-
tions, transmission energy and the volume of backlogged data, to decide
whether and when to defer a data transmission.
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2.3 Summary
With the fast development pace of mobile technologies, the opportunities
and problems are both rising as discussed in this chapter. To understand
the impact of mobile Internet booming can give a perspective on the ac-
complishments of technologies and the challenges we are facing towards
the future. The growth in power requirements and levels of CO2 emis-
sions render the current state unsustainable. The ICT sector has been
regarded as a negative environmental impact. But it can also make pos-
itive impacts by helping other sectors to reduce the environmental im-
pacts via improving production efﬁciency, intelligent process control, such
as e-health, e-learning and e-banking, and favouring renewables and low-
carbon conversion technologies for electricity, heating and cooling, and
so on [84]. ICT-enabled solutions could reduce global CO2 emissions by
16.5% by 2020 [61].
The fast growth can also become clear expenditures for telecom opera-
tors and a cause of QoE degradation for mobile users in terms of battery
life. Thus, integrating the fast change and energy consumption will there-
fore ensure that they are mutually reinforcing to reduce overall environ-
mental presence and increase QoE. This thesis focuses on providing in-
sights and solutions based on measurements, modelling and optimisation
of mobile data transmission to reduce data and signalling transmitted
over wireless links. These can not only help in saving energy on mobile
devices but also in decreasing the energy consumption in wireless access
networks. The detailed approaches are elaborated in the following chap-
ters.
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3. Understanding the Power
Consumption of Mobile Data
Transmission
Due to the growth of mobile Internet and the increase in trafﬁc, it is im-
portant to understand the characteristics of power consumption of mobile
data transmission in order to ﬁnd opportunities to balance the energy con-
sumption and the growth of mobile users and the data volumes, which are
covered in the results of Publications I, II, III, IV, V and VI. This chapter
ﬁrst introduces techniques and methodologies of measuring power con-
sumption of mobile devices in Section 3.1. Then, the power consumption
characteristics of radio interfaces are illustrated in Section 3.2. Last, Sec-
tion 3.3 presents the potential of using data compression in a mobile en-
vironment to save energy for mobile devices.
3.1 Power Consumption Measurement
As mobile devices use power, the power consumption must be made an
integral part of product design and testing. Thus, the request of a bet-
ter understanding of the power consumption characteristics is placing
high demands on power consumption measurements to provide essential
knowledge for optimising, evaluating and validating. Power consumption
is deﬁned as the amount of energy per unit of time, and the basic unit of
power is watt (W), while the joule (J) is a derived unit of energy. Instead of
analysing pulse or peak power, this dissertation focuses on average power
consumption, which is the average value of the accumulated product of
instantaneous voltage and current integrated over a speciﬁc time period
of measurement. The battery life we refer to is the longevity of a mobile
device running on a single charge of a battery power source.
It is important that power measurements can provide accurate results,
and be repeated at different times and at different places to cater different
measurement scenarios. This leads to various measurement techniques
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Figure 3.1. Measurement logic Figure 3.2. Power measurement setup
for mobile devices, which are compared as follows.
3.1.1 Hardware-Based Measurement
Highly accurate measurement results require well-behaved equipment
and measurement techniques. Direct measurement of mobile devices with
external digital multimeters assures signiﬁcantly improved accessibility
of ﬁne-grained energy consumption information. A commercial power me-
ter features high measurement accuracy and high sampling rates. The
typical measurement setup of power consumption measurement includes
a digital multimeter connected to a mobile device for current or voltage
sampling, and a PC running with special software to collect, store and
analyse the samples. This approach is widely adopted in existing stud-
ies [85, 10, 86]. An energy consumption monitoring framework was pro-
posed in the study done by Keranidis et al. [87], which was built on a
distributed network of low-cost, but accurate devices with full integration
with large-scale wireless testbed. The framework can characterise the
power consumption of realistic wireless experiments, and monitor experi-
ment execution.
To make sure the measurement results are systematic when repeating
measurements, and uninterrupted when making a measurement for a
long period, it is necessary that the power source of the mobile device
remains stable. In this thesis work, the batteries of examined mobile de-
vices were replaced by battery adaptors, which connected to an external
stead power supply. A high-speed sampling data acquisition device NI
cRIO-92151 was then used to collect voltage ﬂuctuations with a rate of
1000 samples per second across a 0.1 Ohm resistor. With a known resis-
tance and measured voltage drop, the current can be determined by Ohm’s
1NI cRIO-9215, http://sine.ni.com/nips/cds/view/p/lang/sv/nid/208793
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law. The voltage samples were sent via NI USB-91622 to a PC running NI-
DAQmx software3 to analyse recorded data and calculate real-time power
consumption. Figure 3.1 and Figure 3.2 illustrate the logic of the setup
and its real implementation. This methodology is the main approach to
conduct accurate power consumption measurements in this dissertation,
which has been applied in Publications I, II, III, V, VI, VIII, IV and VI.
External hardware-based measurement can provide high accurate re-
sults. However, it also has a clear drawback for measuring power con-
sumption of mobile devices. Regardless, the cost of the hardware, exter-
nal hardware limits a phone’s mobility, restricting real-world measure-
ment and mobile scenarios. A counter-solution is to use accurate battery
sensors that provide accurate readings of battery voltage and an instanta-
neous current from the mobile OS. Nokia Energy Proﬁler (NEP) 4 is a very
typical example of this. It is an application with built-in power proﬁling
running on Nokia’s Symbian and Meego phones, allowing power consump-
tion measurements without external hardware. Besides power readings,
NEP also provides temperature, signal strength, CPU, memory and net-
working usage. Compared to hardware-based solutions, NEP only has
a maximum sampling rate at 4 samples per second. Nevertheless, NEP
is proven to be a reliable power consumption measurement technique by
many studies [10, 77, 11], showing that the accuracy is accurate enough
to replace external hardware as the source of power measurements. This
approach was also used in Publication IX.
3.1.2 Component Level Measurement
The measurement methodologies just discussed give the overall power
consumption at system level. Inside a mobile phone system, each compo-
nent, such as CPU, memory, display, radio interfaces and various application-
speciﬁc accelerators, contributes to the overall consumption. It is also
important to identify and deeply study the most power-consuming compo-
nents on a battery-powered and resource-limited mobile device by break-
ing down the system into major subsystems. In one study [85], a special
mobile phone, Openmoko Neo Freerunner5, provides free circuit schemat-
ics and enables the researchers to produce a breakdown of power distribu-
2NI USB-9162, http://sine.ni.com/nips/cds/view/p/lang/sv/nid/204178
3NI-DAQmx software, http://www.ni.com/dataacquisition/nidaqmx.htm
4NEP, http://store.ovi.com/content/73969
5Freerunner, http://wiki.openmoko.org/wiki/Main_Page
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tion to various components. However, this approach is not widely adapt-
able for other commercial device models. Instead of acquiring power con-
sumption from a special mobile device, another way to get coarse-grained
estimation of the component is switching off all other elements that might
consume energy, yet are not vital to keep the OS running when executing
the workload of the component. The estimated power consumption can
then be calculated by subtracting the power consumption of the mobile
device in an idle state from the measured result. There are many stud-
ies [77, 88, 89], including the work of this thesis, that use this approach
to breakdown the power consumption of a mobile device.
3.1.3 Power Consumption Modelling
The inconvenience, cost, and complexity of external power measurement
hardware or special requirement of on-board battery sensors limit mea-
surement cases and scenarios for mobile devices. Thus, many research
efforts are dedicated to creating power modelling tools. Another reason
for modelling research is to build power models for applications and cer-
tain types of network trafﬁc in order to design power provisioning and
energy savings based on the models.
There is a wealth of research studies on power models in existing liter-
ature. One kind of research focuses on power modelling based on deter-
mining the Finite State Machine(FSM) of a mobile device. The approach
breaks down a mobile device into subsystems described by FSM states
and creates a model that maps a ﬁxed power consumption value to each
state. The power consumption of a subsystem can be formulated by re-
gression model as a function of residence time of states and the power
cost associated with each state. The study [90] by Pathak et al. is one of
the examples that proposes a system utilisation-power-state correlation.
It collects utilisation statistics of individual components via OS to build a
linear-regression model to correlate the sampled values. Once the model
is constructed, it uses system calls to determine the power state of each
component. Its extended work [90] presents an energy proﬁler for mo-
bile devices named Eprof. In a study [77] by Zhang et al., PowerTutor was
proposed to provide real-time power estimations for mobile devices, whose
core engine is a power model named PowerBooter. It uses a set of training
programs to determine the relationship between each power state and
power consumption for each relevant hardware(CPU, LCD, GPS, Wi-Fi
and cellular interfaces). Other studies [91, 89] apply the similar approach
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Figure 3.3. Power consumption states of
WLAN interface
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Figure 3.4. Power consumption states of
3G interface
but focus on power modelling of individual applications by estimating the
state residence time from the behaviour of applications.
Other approaches focus on building statistical power models. Sesame [92]
presents a statistical power model that uses the battery interface to build
an adaptive and self-learning model. It is based on model moulding and
has predictor transformation to improve accuracy. Carat [93] uses a rather
different approach than the existing studies by collecting instrumentation
data from mobile devices and sending them to a Carat server, where Carat
builds power models and diagnoses anomalies. By comparing application
behaviour with the same application running on other mobile devices, the
system can detect anomalies, and quantify error and conﬁdence bounds,
then provide recommended actions to improve battery life.
Still, it is challenging for power modelling to provide precise readings
for many reasons: 1) readings provided by hardware and software perfor-
mance counters may not be accurate; 2) accuracy is limited by training
environment and modelling of each component; 3) particularly, for ma-
chine learning-based models, model correction is needed for power anoma-
lies. In summary, each measurement methodology has its advantages and
drawbacks, and measurement cases deﬁne methodology selection.
3.2 Power Consumption Characteristics of Radio Interfaces
This section starts with power consumption states of WLAN and 3G ra-
dio interfaces on mobile devices. Then it elaborates the characteristics of
these radio interfaces with the results in Publications I, IV, VI, VI and IX.
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3.2.1 Power Consumption States
Most existing WLAN power-saving mechanisms are based on deactivat-
ing WLAN NIC in periods of no data transmission. IEEE 802.11 stan-
dards [94, 95] deﬁne that 802.11 WLAN-capable devices operate either
in Continuously Active Mode (CAM) or Power Saving Mode (PSM). The
PSM was designed to improve the power saving of a WLAN interface by
switching the interface from Active state to the Sleep state as soon as data
transmission is completed. To be precise, a WLAN interface can operate
in four states, namely Transmission, Reception, Idle or Sleep states, as
shown in Figure 3.3, each of which presents different power consumption.
The Idle state means that the interface is powered and ready to transmit
or receive data, consuming signiﬁcant amount of power. When the WLAN
interface starts to send or receive data, it enters the Transmission or Re-
ception states, which are together known as the Active state and present
the highest amount of energy consumption. A mobile device synchronises
with an infrastructure, such as Access Point (AP). If there is no trafﬁc, the
interface stays in the lowest power consumption state, namely the Sleep
state, and only wakes up every beacon interval for a beacon to decide to
wake up or not depending on whether the frame contains a Trafﬁc In-
dication Map (TIM) message, which indicates that the interface buffered
data frame at the AP, is ready to receive. Thus, keeping the interface in
the Sleep state as much as possible is the goal of many techniques, such
as trafﬁc shaping, ON/OFF switching of WLAN interface and processor,
packet pacing, and MAC-level download scheduling by access points and
so on.
3G networks have more sophistic resource management, which uses an
RRC state machine [96] to control 3G interfaces. There are several states:
IDLE state, Cell Paging Channel (Cell_PCH) state, Cell Forward Access
Channel (Cell_FACH) state and Cell Dedicated Channel (Cell_DCH) state.
The IDLE state enables 3G interface to only receive paging messages
from the Radio Network Controller (RNC) and is the lowest power con-
sumption state. In the Cell_PCH state, the interface monitors the paging
control channel, and is still not able to have uplink activity. Packet Data
Protocol (PDP) context is maintained so a session could be reconnected
rapidly. Since there is no real data trafﬁc transmitted in the Cell_PCH
state, the power consumption of the state is also low. The Cell_FACH
state allows low data rate transmission via a common or shared transport
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Figure 3.5. Consumed energy on packets with different transmission intervals in an
HSPA network
channel. In the Cell_DCH state, the RRC connection is fully established,
and dedicated transport channels are assigned to downlink and uplink
for full-speed transmission. Due to the dedicated resources and high data
rate trafﬁc, this state presents the highest power consumption. Compared
to this state, the Cell_FACH state consumes roughly 50% of that in the
Cell_DCH state, and the Cell_PCH state only consumes about 1∼2% of
the operating power of the Cell_DCH state. As shown in Figure 3.4, the
states promote when switching from lower power consumption states to
higher power consumption states, and the states demote when switching
happens in the reverse direction. The state promotion from the Cell_IDLE
or Cell_PCH state to Cell_FACH state is triggered by transmission activ-
ity(T1, T2 and T3). The promotion to Cell_DCH state happens when the
data volume exceeds the Radio Link Control (RLC) buffer threshold. The
state promotion normally only takes 1∼2 seconds [97]. The demotion is
triggered by in-activity timers or controlled directly by Fast Dormancy,
which is a feature in 3GPP speciﬁcations for a mobile device to demote to
IDLE state by sending an RRC control message to the RNC [98].
3.2.2 Power Consumption Characteristics
To gain the understanding of the power consumption characteristics of ra-
dio interfaces, especially the most power-consuming ones, namely WLAN
and cellular interfaces, thorough measurements have been conducted in
Publication I. The publication used the measurement methodology de-
scribed in Section 3.1.1 to analyse the power consumption of wireless data
transfer over EDGE, HSPA and WLAN. Instead of analysing a partic-
ular application, this study focuses on packet transmission patterns to
provide insights for power consumption modelling and answers the ques-
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tions regarding how much energy a certain service consumes on a mo-
bile device caused by communications. The study analyses the impacts
of different packet sizes, packet-sending intervals on the power consump-
tion, and presents the dissipation results. An example result is shown in
Figure 3.5, where the power consumption and consumed energy changes
dramatically with the increase of sending intervals. Furthermore, it com-
pares the power consumption difference between IEEE 802.11b and IEEE
802.11g, as well as investigates how different data service packages and
the operator’s network affect the power consumption of cellular interface.
All the measurements are quantiﬁed by their power consumption and en-
ergy consumption per bit when the radio interfaces send or receive trafﬁc.
The results suggest that it is important to transfer data at full capacity
of radio links, since the ﬁxed overhead of transmission is signiﬁcant when
the radio interfaces are in a communication state. So the packet size and
sending interval should be set as high as possible to minimise the trans-
mission time and per-bit energy consumption. When designing Internet
services or programming mobile applications, data should be sent in burst
to extent the residence time of radio interfaces in a low power consump-
tion states.
By extending Publication I, we analysed the power consumption in the
case of uplink transmission in 3G networks and showed how the power
consumption is determined by different transmission parameters. This
research is presented in Publication V and it continued in Publication
VI. The studies break down the power consumption of 3G interfaces into
each RRC state and deeply analyse the inﬂuence of packet-sending in-
tervals and packet size on power consumption. The size of the transport
block determines the maximum payload that can be transmitted once ev-
ery Transmission Time Interval (TTI), and TTI determines the maximum
packet sending or receiving rate. These two parameters together inﬂu-
ence the maximum throughput and packet sending or receiving pattern
in the Physical layer. A packet-sending or -receiving interval of appli-
cation directly affects the transiting interval in the physical layer, and
the size of packet determines whether packet segmentation happens or
not. Thus, the power consumption of a radio interface increases propor-
tionally to the number of transport block sets sent and received over one
radio interface. In the paper, we proposed the following power consump-
tion model for UE to send or receive packets in state Cell_DCH. As shown
in the equation 3.1, the power consumption consists of three main power
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contributors. The power consumption of maintaining Cell_DCH state is
deﬁned as PDCH in watt and considered to be an approximately constant
value. The power consumption of sending or receiving packets is deﬁned
as Ppeak in watt. Also, the power consumption for encapsulation or decap-
sulation Penc(s) for packet size s is treated as the incremental power that
is proportional to the size of the packet.
P = PDCH + Ppeak + Penc(s). (3.1)
Meanwhile, we deﬁne the number of transport blocks needed for sending
one IP packet as
N =
⌈ s
MTBS
⌉
, (3.2)
where MTBS is Maximum Transport Block Size.
When more than one transport block is needed for sending or receiving
one IP packet, the time spent on processing this packet is N · τ , where τ is
deﬁned as the value of TTI. Normally, a packet-sending interval I is much
larger than the packet processing time. Thus,
Ppeak =
N
I
· Epeak, when I > N · τ. (3.3)
Where Epeak is deﬁned as energy consumption of sending or receiving one
peak in Joule.
Then taking into account (3.2) and (3.3), power consumption in the Cell_DCH
state can be written as
P = PDCH +
Epeak
I
(⌈ s
MTBS
⌉)
+ Penc(s) (3.4)
A more-detailed detailed explanation can be found in Publication V and
Publication VI. Moreover, the model was validated against real measure-
ment and a reference model. Furthermore, the publications analyse the
RRC transition state machine for the uplink power consumption. Accord-
ing to the state machine, an RRC parameters selection algorithm was
proposed to optimise power saving for data transmission. The selection
algorithm also considers the constrains regarding amount of signalling
trafﬁc, RLC buffer size, and buffering latency.
Furthermore, Publication IX investigates transmission issues over wire-
less networks and its impact on energy consumption. In the beginning of
the study, TCP performance issues are presented based on a thorough
mobile measurements from the Nettitutka platform6. Due to severe er-
ror rates caused by external radio interferences, going out-of-range, or
6Nettitutka, http://www.nettitutka.ﬁ
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Figure 3.6. Power consumption in different power consumption states in WLAN and 3G
networks
blocking of signal, and large delay of wireless networks, TCP suffers from
signiﬁcant throughput degradation, link capacity underutilisation, and
excessive interruption of data transmissions. All the issues have a nega-
tive impact on power consumption of mobile devices. The work presents
the impact of these issues on HTTP trafﬁc. Moreover, the work quantiﬁes
the power consumption of the RRC state of 3G networks and compares
it with the power consumption characteristic of WLAN, as shown in Fig-
ure 3.6. The 3G link exhibits signiﬁcant residual energy consumption due
to the inactivity timers. In order to help further work in making design
decisions, the work also describes how to identify the values of each inac-
tivity timers and the RLC buffer threshold that determines the amount of
data triggering the RRC state transition.
Since WLAN and 3G interfaces are typically the most power-hungry
components for a mobile device, due to the high power consumption over-
head, it is worth looking into low-energy radio technologies to provide
the best solution for different scenarios. In Publication IV, an open ar-
chitecture platform for using passive RFID tags in close proximity en-
vironment is proposed. Maximising throughput and minimising power
consumption are critical requirements for these kinds of use cases. Thus,
the work looks into several radio technology alternatives and compares
3G and WLAN with Bluetooth, NFC and UWBLEE technologies. Exam-
ple results are shown in Figure 3.7, where the time spent on downloading
a 50 MB movie trailer is only 8 seconds, and the energy consumption of
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Figure 3.7. Time and energy consumed of using different radio technologies
RF front-end is 0.043 J when using UWBLEE, while all the other radio
technologies are more time and energy consuming.
3.3 Energy Trade-off between Computation and Communication
Data compression is a solution to decrease communication costs in terms
of the number of bits transmitted. Compression algorithms can be divided
into two categories, namely, lossy and lossless compression. Since lossy
compression introduces differences to reconstructed data in exchange for
a better compression ratio, the compression algorithms investigated in
this dissertation fall into the category of lossless compression. Lossless
compression is widely applied in the Transport layer to minimise the
amount of data and reduce the transmission time. For example, packet
header compression has been used to improve the throughput over weaker
wireless links, such as TCP/IP, UDP/IP header compression and HTTP
compression.
The power consumption of transmitting data over wireless links is ex-
pensive, as shown in the study [99] by Barr et al, where the consump-
tion of sending one bit over the air is over 1000 times than that of 32-bit
CPU computation. To tackle the issue, one research direction [14, 13] is
to use data compression for energy-efﬁcient communications. However,
compression schemes involve tradeoff due to the intensive computation
and memory access to compress and decompress data. The consequence
might be that more energy is consumed than when simply transmitting
the raw data. Furthermore, the transmission rate in wireless networks
may give different results in energy consumption and affect the decision
on whether to deploy compression schemes or not. As power consump-
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Figure 3.8. Time required to compress and send BIN, HTML, BMP, and XML ﬁles
tion on mobile devices differs from each other, due to hardware and soft-
ware related factors, an evaluation of compression algorithms over mod-
ern hand-held devices provides a timely understanding of data transmis-
sion and compression in the perspective of energy efﬁciency for more en-
ergy savings.
In Publication II, energy-efﬁcient ways to utilise compression have been
re-evaluated to answer two key questions: 1) what data should be com-
pressed and how, and 2) what are the limitations and restrictions when
optimising communication and compression together. The study eval-
uates nine compression schemes that are the representatives of widely
used compression algorithms, such as statistical compression, dictionary
compression and predictive compression. We examined a set of the most
common ﬁle types in the Internet, divided into three categories: hard-to-
compress ﬁles (e.g. JPG, MP3, EXE and WMA ﬁles), compressible ﬁles
(e.g. PDF, SWF ﬁles) and easy-to-compress ﬁles (e.g. BIN, HTML, BMP,
and XML ﬁles). Figure 3.8 shows an example of comparison results of
the easy-to-compress ﬁles. As shown, most of the compression schemas
provide energy-efﬁcient transmission of the ﬁles. However, lzpxj and fpaq
demand an extremely long time and consume a lot of energy to compress
as well as decompress. Overall, gzip offers the best results for all the ﬁles
from the energy-consumption perspective.
More sophisticated compression algorithms may take longer computa-
tion time to achieve smaller ﬁle sizes of certain ﬁles. The reduction of ﬁle
size may shorten transmission time over the air, thus an overall reduc-
tion of transmission time (including the time spent on compression, de-
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Figure 3.9. Compression energy conditions for HTC Hero and Nokia N900
compression and data transmission) is possible. However, all depend on
the compression algorithm, ﬁle size, ﬁle type and link speed. Therefore,
the study evaluates the power consumption of compressing and decom-
pressing each ﬁle type with different compression programs, and looks
into the trade-off between computation and communication regarding the
above-mentioned aspects. In order to show the beneﬁts in energy savings
achieved by using compression with asymmetric patterns, the study also
evaluates a series of webpages.
In summary, the contributions of this publication are the analysis of a
wide number of compression schemes on many types of web content on a
modern mobile device, identifying the trade-offs when using compression
for energy-efﬁcient data transmission and the discussion of the deploy-
ment issues related to enabling data compression on the Internet and for
the mobile users.
Publication III extends the study Publication II and takes boundaries,
such as bandwidth and hardware, into consideration when utilising com-
pression for the energy-efﬁcient data transmission. Practically, there is
a maximum bit rate of communication due to the limitations of process-
ing, radio communications technologies, and conditions of wireless links.
Also, compression has a maximum information bit rate due to the nature
of compression algorithms and capacity of hardware.This publication for-
mulates the condition when to transmit compressed data instead of just
sending plain data for energy savings. It proposes partial compression
to increase energy efﬁciency when using data compression but with the
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limitations of compression, and communications. Instead of fully com-
pressing all data, only part of the data ﬂow is compressed and the rest
is communicated uncompressed. To elaborate the proposal, the publica-
tion formulates the power consumption and energy efﬁciency of transiting
compressed data, and the compression conditions in a mobile environ-
ment under 1) communication limit and 2) when adding new data ﬂows to
existing communications.The compression conditions have been veriﬁed
through experiments and measurements on the Nokia N900 and HTC
Hero in both cellular and WLAN networks. The results veriﬁed the linear
approximations of the compression conditions and showed the condition
for adding a new data ﬂow. Figure 3.9 shows one of the results from the
publication, where the conditions of applying compression is illustrated.
As shown, the thresholds of compressing .pdf and .doc ﬁles or not on the
Nokia N900 and HTC Hero are drawn in horizontal lines, indicating that
it is worthwhile to compress the .doc ﬁle for both devices at all measured
bit rates in either a WLAN or HSPA network. As for the .pdf ﬁle, it is not
worth compressing if the bit rate is over 500 kbps and 900 kbps for the
Hero and N900 respectively in the HSPA network. Similarly, it does not
bring energy savings if the bit rate is over 600 kbps for the Hero and 800
kbps for the N900 in the WLAN network.
As previously said, when the quality of the radio link goes down, even
small savings in ﬁle size can lead to substantial energy savings, since
energy consumption per bit becomes increasingly signiﬁcant. However,
energy saving through data compression needs to fulﬁl certain conditions,
which includes considerations of link quality, computation load, ﬁle type,
compression algorithms, compression and communication limits.
3.4 Summary
In order to provide effective methods and solutions for energy-efﬁcient
communication, it is fundamentally important to understand the power
consumption characteristics of radio communications. This chapter started
with the tools and techniques of measuring the power consumption of mo-
bile devices. With the methodologies, accurate power consumption of a
mobile device as a whole and the consumption break down become pos-
sible, enabling this work to analyse and model the power consumption of
radio interfaces when transmitting data. Furthermore, the work dives
deep into the RRC states in UMTS and provides a power model for the
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RRC transition state machine for potential power saving. Moreover, thor-
ough evaluation of using data compression for mobile data transmission
is introduced, and the conditions for when to use data compression for
energy-efﬁcient mobile data transmission are formulated and discussed.
With the tools and knowledge discovered in this chapter, energy-saving
solutions are introduced in the following chapter.
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4. Proxy-based Solution for
Energy-efﬁcient Mobile Web Access
This chapter introduces proxy-based solutions for energy-efﬁcient mobile
web access, utilising the results discovered in previous studies. It presents
the results of Publications VII, VIII and IX. Firstly, Section 4.1 shows ex-
isting energy-saving solutions for mobile web access. As elaborated in Sec-
tion 3.2 and Section 3.3, energy saving can be achieved by shaping trafﬁc
patterns according to power consumption characteristics of wireless net-
works, and compressing data adaptively. By taking the two discussed
approaches into consideration, Section 4.2 presents an architecture of a
proxy-based solution for energy-efﬁcient mobile web access. Then the sec-
tion elaborates the ways of implementation and shows the results for the
proxy-based energy-efﬁcient mobile web access.
4.1 Overview of Energy-efﬁcient Mobile Web Access
As discussed in Section 2.1.3, web trafﬁc delivery over mobile networks
is rapidly growing. It is increasingly important to improve QoE end-to-
end from web servers across the ﬁxed Internet and the mobile networks
to the mobile devices. To assure QoE and secure operators and web con-
tent providers’ business, it is crucial to shorten page loading time as well
as lower the power consumption of web access to enhance mobile users’
satisfaction. Compared to desktop browsers, mobile browsers are limited
by computational resources, power supply, unstable network connectivity
and small screen size. The ways of enhancing QoE is to accelerate mo-
bile web content delivery and reduce power consumption through one or
a combination of the following common strategies.
• Mobile Web Optimisation: Since the majority of web content on the
Internet are meant for PCs, one of the strategies for mobile web access is
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through content adaptations that reconstruct and tailor the web pages
for mobile devices and mobile networks, with techniques such as remov-
ing the site header, advertisements, resizing or removing all images,
customising the site with style changes and web page layout adaptation.
The layout adaptation segments the web page based on its structure and
regenerates a page for mobile browsing according to the hierarchy of the
web elements [100, 101]. An alternative is to create a mobile version of
a website so that the optimised web content can be more efﬁciently de-
livered to mobile users. For instance, .mobi [102] sites are optimised for
mobile devices with special capabilities and restriction of screen size, in-
put/output options, and so on, providing a top-level domain access and
engaging mobile users with mobile compatible content and ubiquitous
experiences.
Mobile web optimisation helps to reduce data volume of web trafﬁc,
thus on one hand, alleviating congestion for mobile networks; on the
other hand, reducing downloading and rendering time, and power con-
sumption for mobile devices. However, web content adaptation relies on
simpliﬁed web elements and modiﬁed content, which may lead to reduc-
tion of QoE for mobile users. Furthermore, it forces content providers to
maintain two versions of the same content.
• Compression: Webpage compression techniques reduce the data re-
dundancies of web content. As deﬁned in RFC 2616 [103], HTTP com-
pression uses lossless compression to transmit HTTP request and re-
sponse messages in compact format. The technique also applies to tex-
tual ﬁles, which normally are HTML, XML, JavaScript, CSS or binary
content. Lossy compression usually applies to multimedia contents,
such as icons, pictures, and videos. For example, Opera Mini [104] con-
ducts transcoding for images and other multimedia web content before
forwarding to the web browser. Besides minimising the content within
a webpage, Delta ending [105] introduces a technique to identify the dif-
ference between sequential requested resources and only the data differ-
ences are transmitted to avoid the unnecessary network trafﬁc caused
by frequent web content updates and modiﬁcations. The solutions were
designed for accelerating webpage fetching by altering original web con-
tent, which, unlike the .mobi version of the site, may not necessarily be
what the web content owners intend for the mobile audience. As men-
tioned in Section 3.3, certain conditions need to be fulﬁlled so that these
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techniques can assure both fast content delivery and reduction of power
consumption for mobile web contents.
• Web Caching and Prefetching: A further energy-saving technique
is web caching, which keeps copies of web content either on a browser
cached locally or a proxy cache remotely. When subsequent HTTP re-
quests for the same content are made, the cache returns with either a
hit or a miss to indicate the existence of content on the cache. If it is
a hit, the web content is transmitted from the cache directly instead of
from web server. In mobile networks, web caching is crucial to speed
up content delivery and reduce mobile network trafﬁc, as a cache proxy
in a mobile network typically serves many users, avoiding repeated re-
quests of the same content from the original content source. On the
other hand, the reduction of delivery time leads to reduced power con-
sumption of mobile web access and notable user experience improve-
ment. As indicated in the study [106] by Qian et al., the redundant con-
tents contribute about 20% of the total mobile HTTP trafﬁc volume and
are responsible for 7% of the radio energy consumption. However, the
challenge remains on how to efﬁciently maintain consistency between
the cached content and the frequently changed data source. Thus, it is
important to improve the hit ratio of not only static content but also dy-
namic content to further reduce download latency and power consump-
tion. Increasing the cache size only will not signiﬁcantly improve the ef-
fectiveness of the hit ratio on a mobile browser though [107]. Therefore,
research has been focused on improving the replacement algorithms and
how to cache style and layout data for Document Object Mode (DOM) el-
ements to reduce style formatting and layout calculation time [108].
While web caching utilises the temporal locality of web objects, an-
other technique often combined with caching is web prefetching, which
utilises spatial locality of the web objects. Prefetching predicts which
web page user will visit in the neat future and download the pages be-
forehand based on the user’s visiting history or the content of visited
pages [109, 110].
• Radio Resource Allocation: In radio networks, the RRC states de-
termine the allocation of radio resources and power consumption state
of mobile devices as described in Section 3.2.1. The interplay between
mobile applications and the state machine of RRC behaviour causes
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inefﬁciencies of the resources including radio resources, network sig-
nalling trafﬁc, device energy consumption and performance [17]. Stati-
cally conﬁgured inactivity timers may lead to either frequent state pro-
motions and its corresponding transition delays and signal overheads
if the timers are too short, or to over-occupation of radio resources and
energy consumption of mobile devices. Thus, recent research has been
focused on determining the optimal values of the inactivity timers and
mitigating energy tail time effect. Finding the optimal values of the
timer and tuning them is an effort to balance the energy wasted in wait-
ing for the timers to expire and the effort by state promotions and de-
motions.
• Performance Enhanced Proxy (PEP): Proxies have also been utilised
to assist in energy saving. As an intermediary between mobile devices
and web servers, the PEP is able to introduce a series of power sav-
ing assisted features, such as scheduling data packets for more energy-
efﬁcient trafﬁc patterns, content adaptation for web browsing, prefetch-
ing, computation ofﬂoading and so on.
4.2 Using Proxy for Energy-Efﬁcient Web Access
The previous sections described our understanding of power consumption
of mobile data transmission, power consumption characteristics of various
radio interfaces, as well as the trade-off between compression and data
transmission. Based on the deep understanding, this section presents the
architecture and design of a proxy-based solution for energy-efﬁcient web
access and the performance analysis.
4.2.1 Architecture of Energy-efﬁcient Web Proxy
In order to design an energy-efﬁcient proxy for web access, it is crucial to
tackle the challenges in transmitting web content over wireless networks
and shorten the transmissions on high-power consumption states as mush
as possible. In addition, the solution has to be generic and transparent be-
tween mobile devices and web servers, and independent of mobile browser
applications to accelerate deployment of the solution. Publication VII ini-
tialised basic requirements of how to design such a proxy-based architec-
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(a) Time spent on fetching the sample web pages
(b) Energy consumed in fetching the sample web pages
Figure 4.1. Time and energy of fetching three sample web pages with different tech-
niques
ture, taking compression, caching and bundling into consideration. The
work evaluated and compared the performance of both using and not us-
ing proxy, proxy with compression, bundling,or both. The results show
that using the proxy with bundling and compression decreases the deliv-
ery time of web content between mobile devices and web proxy, and its
energy consumption, due to minimising the side-effect of TCP throughput
caused by a potentially large delay between mobile devices and web sites
in unpredictable wireless network environments. The results promise
great potential, yet more work needs to be done to improve the design
based on each radio link to enable more precise compression and bundling
decisions, and power consumption reduction.
Thus, Publication VIII takes three East African countries as a case
study to further evaluate different strategies for energy-efﬁcient web ac-
cess on mobile devices. By comparing the proxy-based solution with mo-
bile optimisation, HTTP compression and web caching, the proposed solu-
tion reduces the energy consumption of accessing web content up to more
than 59% for 2G networks and 74% for 3G networks, and the correspond-
ing downloading time decreases up to 60%, as shown in Figure 4.1.
After the proxy for energy-efﬁcient web access has been revisited, Publi-
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Figure 4.2. Architecture of energy-efﬁcient proxy
cation IX proposes a newly designed architecture named Energy- Efﬁcient
Proxy (EEP), with a scheme of delivering web content to a mobile device
as a whole instead of separate objects, RRC state-based header compres-
sion and selective content compression to keep radio in a low power state
for longer durations and shorten downloading time. As a result, a huge
reduction of energy consumption and increased QoE are achieved.
The architecture of the EEP is shown in Figure 4.2. Ideally, the proxy
can be deployed by network operators enabling the proxy to be located as
close as possible to mobile devices so that the delay between the mobile
devices and proxy is minimised. The proxy is introduced between the
mobile devices and web servers to split HTTP trafﬁc into two portions,
one of which is normal HTTP trafﬁc between the proxy and web servers,
the other is optimised content delivery with a number of enhancements
over wireless links. The solution improves the energy efﬁciency of web
access from the following aspects.
Firstly, the solution separates the TCP connection between the mobile
device and web server. Without the mobile device explicitly requesting
all the objects by itself, the proxy fetches the objects on behalf of the de-
vice. TCP, as a widely used transport protocol, was initially designed for
wired networks, where physical links are reliable, and not for energy sav-
ing purpose. High packet loss rates and dramatical changing link quality
in wireless networks forces TCP to retransmit in order to recover from
errors. In addition, the TCP split results in lower connection overhead,
better utilisation of the wireless network bandwidth, and higher robust-
ness against link variances because of low delay of the E2E path. Be-
sides, the mobile device utilises one single TCP connection to effectively
retrieve web objects from the proxy instead of multiple persistent HTTP
connections from web servers. Since modern websites are integrated with
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Figure 4.3. Flow chart of message exchange between the web browser, local proxy, remote
proxy and web server
third-party content, such as web analytics tools, social media plugins and
embedded advertisements, TCP connections have to be set up between
the mobile device and multiple domains, resulting in high TCP connec-
tion overhead and a signiﬁcant handshake delay due to the high latency
of wireless links. With the proxy, the heavy-lifting can be ofﬂoaded from
the mobile device to the proxy, where multiple TCP connections can be
established fast to download the embedded objects from different servers,
and DNS lookups can be accelerated.
Secondly, as seen in Figure 4.3, an HTTP request is forwarded from a
mobile browser to the Local Proxy. Then the request is embedded in EEP
payload and sent to the Remote Proxy. After the Remote Proxy parses
the request, all the web objects associated with the request can be fetched
from web servers. Once all the objects are received, the Remote Proxy re-
orders the sequence of the object request to accelerate rendering according
to the DOM tree for each type of mobile web engine before the bundle is
sent back to the mobile device. In case of inconsistence or missing ob-
jects, the Local Proxy performs requests for the content until the page
is fully loaded. The bundling enables the optimisation of TCP behaviour
over congested wireless links in order to keep the link utilised during the
transmission. Also, the limited computation capability of a mobile device
causes the mobile web browser to take a long time to download and pro-
cess all objects. As a result, the data transmissions are spread along the
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whole downloading duration, and RRC timers would have never expired.
Consequently, the radio interface is always on and radio resource cannot
be released. With the bundling, the radio interface is able to enter a low
power consumption state during the period of web object fetching in the
Remote Proxy to achieve energy reduction.
Thirdly, the solution supports a range of enhancements to further reduce
power consumption and download time. Carefully selecting compression
on HTTP payload can provide energy saving when fulﬁlling certain con-
ditions, which include considerations of link quality, computation load,
ﬁle type and compression algorithms as discussed in Publication III. The
solution adopts selective compression to decide whether to compress an
object or not, based on the compression ratio of compressing the object
and operating power of mobile devices required for decompressing dur-
ing the web fetching. Also, the mobile devices may require a long time to
request one object resulting in a long waiting time for radio interface to
receive the object. Thus, caching is not only needed locally on mobile de-
vices, but also needed on the Remote Proxy. If the content has been cached
on the proxy, the bundling process retrieves the content from the cache di-
rectly; otherwise, the proxy sends requests to web servers. To maximise
the cache hit rate, the Remote Proxy utilises content hash to eliminate re-
dundant caching. The caching component generates cache indexes based
on content hash rather than URLs to increase the hit rate on the proxy.
Moreover, a protocol named EEP protocol is deﬁned to reduce protocol
overhead instead of using HTTP with additional header ﬁelds. As a ver-
bose protocol, HTTP is coded in standard, ASCII and the size of cookies
could be up to 4096 bytes. Thus, it is necessary to reduce the number of
bits sent over the air. The more important incentive to use a more com-
pact format to transmit payload is to keep the size of the request from
the mobile device to the Remote Proxy under the RRC state promotion
threshold so that the radio interface remains in a low power consumption
state while requesting and waiting for the bundles to come back in 3G
networks.
4.2.2 Design of Energy-efﬁcient Proxy
Embodying the above-mentioned requirements, two different design prin-
ciples for the Energy-efﬁcient proxy are presented as follows based on
Publication IX.
One of the designs is to implement the Local Proxy as a native appli-
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Figure 4.4. System design and components
cation on mobile devices to support described features and communicate
with the Remote Proxy, as shown in Figure 4.4. The HTTP Connection
Handler spawns itself to accept HTTP requests from the web browser
while there is a new incoming request. Then the handler forwards the re-
quests to the Local Proxy Manager, where the other handlers are invoked.
The hash of each URL is calculated using SHA-1. The hashed indexes are
stored in the Local Proxy Manager to map to the corresponding EEP re-
ply, which consists of EEP header, the URL hash and compressed HTTP
response. The hashed URL is analysed by the HTTP Response Handler
ﬁrst to check whether the reply is already stored in the HTTP Response
Handler or not. In case of a miss, the Local Proxy Manager invokes the
Compression Manager to compress the request before encapsulating it as
EEP payload and sending it over the air. Figure 4.5 illustrates the proto-
col stack of EEP protocol that is enforced by the EEP handler. It enables
the Local-Remote communication, where compression algorithms and lev-
els are determined by an estimation of power consumption of compres-
sion/decompression, and downloading time for each transmission medium
(2G, 3G or WLAN).
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Figure 4.5. Protocol stack of native-based solution
After being received by the Connection Handlers in the Remote Proxy,
the EEP requests are examined, and different actions are taken by the
EEP Handler depending on the request types. If the type is for web ob-
jects, the requests are then forwarded to the Remote Proxy Manager after
decompression. Upon each HTTP request, an instance of HTML Parser
is invoked to act as a dedicated web engine. A webpage normally con-
tains a number of web objects, not only the HTML page. These eventually
create more than one HTTP request after parsing the HTML document.
The engine is able to build a DOM tree based on the HTML document,
but also able to evaluate JavaScripts, which may generate new requests
for web objects. Therefore, all the web objects associated with the request
can be fetched through the HTTP Connection Handler. When every HTTP
response is received, the handler forwards the response to the parser so
that the following HTTP requests can be generated. In the meantime, a
copy of the response is forwarded to the Remote Proxy Manager, in which
the Compression Manager is invoked to compress the response’s header
and the payload selectively. Since HTTP is stateless, HTTP cookies and
some other header ﬁelds are used to maintain consistency between the
web browser and web servers. This is the reason that HTTP response
headers are also kept in EEP replies. After all the web objects are down-
loaded, the Remote Proxy Manager sends them back in sequence as a
bundle to the Local Proxy.
To install the native application for each and every mobile device that
expects to engage with the service is a a challenging deployment issue.
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Figure 4.6. Protocol stack of WebSocket-based solution
To overcome the limitation, another design is proposed [111], as shown
in Figure 4.6. Instead of requiring installation of native application on
mobile devices, this design only requires mobile browsers to support Web-
Socket [112] and WebStorage [113], which have already been widely sup-
ported by most modern mobile browsers. In this design, HTTP requests
are sent to the Remote Proxy directly. In response to receiving a request
for content from a mobile browser, the Remote Proxy replies with a re-
sponse containing instructions conﬁgured to set up a bi-directional com-
munication channel using WebSocket APIs on the mobile device for com-
munication between the proxy and the device. Meanwhile, a JavaScript
library is sent to the mobile browser as well and will act as a handler
to receive bundles, unbundle, decompress content, and store the post-
processed content on local storage of the mobile browser using WebStor-
age APIs. Then the Remote Proxy fetches all the objects and sends them
in a bundle with all the enhancements to the mobile browser via the estab-
lished WebSocket, similarly to sending a bundle with EEP protocol. Inside
the bundle, the HTML page is modiﬁed to support the WebSocket-based
solution, where URLs to each object are changed to refer to where the ob-
jects are stored in local storage. Once the bundle is processed with the
JavaScript library, the modiﬁed HTML page is sent to the mobile browser
to render all the stored objects from the local storage.
4.2.3 Evaluation and Performance
The Energy-Efﬁcient Proxy was implemented on commercial smartphones
and thoroughly evaluated through experiments in both WLAN and 3G
networks, with different test cases in order to answer the following ques-
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Figure 4.7. Download time and energy consumption of a webpage over different RTTs in
3G
Figure 4.8. Download time and energy consumption of a webpage over different packet
loss rates in WLAN
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tions: (1) How much can the proxy speed up mobile web access? (2) How
much energy can the proxy save? (3) How does web content, network delay
and link speed affect the results? (4) How do the inactivity timers affect
the results in a 3G network? and (5) How many changes do hardware and
OSes cause?
The results show that the performance of downloading and power con-
sumption is tolerant to the network delay and packet losses. Compared
to the performance of using normal browsing, the solution can save up to
32% of downloading time and 34% of energy when experiencing huge net-
work latency in 3G networks as shown in Figure 4.7. As the packet loss
rate grows from 0% to 2.0%, the time saved by using the proxy increases
from 9.12% to nearly 50%. Given the measurement cases, the energy can
be saved over 58.26% when there is no packet loss, and increases to nearly
70.56% when the packet loss rate grows over 1.5% in the WLAN network,
as shown in Figure 4.8. The similar trends can be found in 3G networks
as well. The RRC inactivity timers control the demotions of mobile de-
vices and radio resource release. In the evaluation, the EEP is able to
save up to 43% of downloading time and 38% of energy consumption when
small values of the inactivity timers are conﬁgured. More illustrated re-
sults can be found in Publication IX. The solution also favours savings
over larger webpages. Moreover, the evaluation shows that the solution
gives signiﬁcant improvement of downloading time and energy savings
on both Nokia Meego and Google Android platforms. With more powerful
CPU/GPU and modern radio chipset, the better performance the solution
offers, due to faster execution of unbundling, decompression, JavaScript
execution, page rendering, and lower power consumption of radian inter-
faces.
4.3 Summary
As already discussed in Chapter 3, it is important to provide effective
energy-saving solution for mobile web access to extend battery life, im-
prove QoE, beneﬁt business, and bridge the digital divide at large. Thus,
this thesis focuses on providing solutions for energy-efﬁcient mobile web
access. As discussed in Section 4.1, the prior energy-saving strategies
for mobile web access have been reviewed and categorised in the areas of
mobile web optimisation, compression, web caching, prefetching, radio re-
source allocation and proxy-based solutions. The thesis proposes several
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energy saving techniques, such as trafﬁc pattern shaping based on the
power consumption characteristics of mobile data transmission, adaptive
data compression and RRC-state-based web access tuning. Finally, the
thesis presents the proxy-based architecture for energy-efﬁcient mobile
web access and its implementation that takes the advantages of each pro-
posed technique and is proven to be an effective solution for not only sig-
niﬁcant energy savings, but also non-neglectable improvement of QoE in
terms of faster content retrieval.
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5. Conclusion
Mobile Internet is growing at a fast pace, with new opportunities and
problems emerging. To enable sustainable mobile Internet growth and
continue mobile service adaption, it is important to ensure that the reduc-
tion of overall environmental presence and the level of QoE are mutually
addressed.
5.1 Summary and Discussion
The high-level objective of this dissertation is to reduce power consump-
tion of mobile devices, extend battery life, yet maintain or even increase
user experience. In order to achieve these goals, the ﬁrst effort is to un-
derstand the power consumption characteristics of communications on
mobile devices. The research has employed measurements and proposed
power models based on thorough measurement data. The work also in-
vestigated the impact of data compression technologies on mobile data
transmission, and deﬁned the guideline of how to gain energy-efﬁcient
communications with data compression. With the deep insights obtained
from the study, this research applies the knowledge to favour mobile web
access with the proposed architecture to improve energy efﬁciency of data
transmission without hindering QoE. To answer the motivations of this
thesis mentioned in Chapter 1, the main contributions are highlighted
here:
• Characterising power consumption of mobile data transmission
• Identiﬁcation of main causes of battery drain of mobile devices
• Modelling power consumption of mobile data transmission and RRC
75
Conclusion
power consumption states based on thorough measurements
• Evaluation of data compression technologies and identiﬁcation of condi-
tions for energy-efﬁcient mobile data transmission
• Data transmission optimisation for energy-efﬁcient mobile web access
• Energy-efﬁcient web proxy to reduce power consumption, shorten trans-
mission time and improve QoE for mobile web access
Beyond the focus of this dissertation, there are still several topics worth
discussing. One consideration is about security and privacy, which are
persistent issues in web access. Privacy considerations have especially
drawn too much attention recently. Personal data and browsing behaviour
are becoming more sensitive and easy to leak in a cloud environment.
As suggested in RFC 7258 [114], pervasive monitoring is a practical ap-
proach for analysing Internet trafﬁc, but now it is considered an attack
on the privacy of Internet uses and organisations. Some works have been
proposed for secure web browsing by modularising the web browser and
limiting communication within the modules or subsystems [115]. But the
de-facto approach is to enable HTTPS when browsing the Internet. While
speeding up the deployment of HTTPS tunnels, it has become difﬁcult to
process web trafﬁc on proxies and other gateways for caching, enhancing
performance as well as decreasing power consumption for mobile devices.
In order to keep the success and the presence of the intermediaries, one
proposal [116] is to support Explicitly Authenticated Proxy (EAP), which
is an HTTP proxy to intercept the TLS-encrypted connection between a
user and a targeting service server, with a certiﬁcation authenticated and
acknowledged by the user. With the user’s permission, the proxy is able
to continue the enhancements for existing Internet services. When taking
privacy into consideration, the design decision in this dissertation is that
all HTTPS trafﬁc is bypassed to avoid violating users’ privacy at the cost
of losing all the enhancements, even including basic caching, instead of
generating a certiﬁcate for the user to accept and decrypt HTTPS trafﬁc
on the proxy. However, as part of future work, the EEP should be extend-
able to support Explicitly Authenticated Proxy when it becomes mature.
The proxy can be a service offered by an independent third party, or, for
example, a telecom operator’s serving gateway could integrate the tech-
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Figure 5.1. Radio Resource Control state machine of LTE
nology to provide the service for their customers. In fact, the solution can
also be deployed and integrated as a part of customer premises equipment
or femtocells to serve home or corporate users. A further deployment sce-
nario would be to integrate the technology directly into a content server.
In this way, the energy-efﬁcient delivery of content can be offered by the
content provider without a third party in the middle. Another ﬁnding in
EEP measurements is that using the proxy is more beneﬁcial when trans-
mitting over slow or congested wireless links.
With the increasing deployment of LTE technology, it is worth discussing
how the EEP would perform in LTE networks. Compared to the RRC state
machine in UMTS networks, LTE has only two states, namely RRC_CONNECTED
and RRC_IDLE, as shown in Figure 5.1. In the RRC_CONNECTED state,
a UE can be in one of the three modes: Continuous Reception, Short DRX
(Discontinuous Reception) and Long DRX. The Short DRX and the Long
DRX have same cycle duration, but with different DRX cycle length, which
is the number of frames in the paging cycle; The larger the cycle length
is, the lower the UE battery power consumption is. In the RRC_IDLE
state, there is no RRC connection and the UE is only in DRX mode. The
DRX modes in RRC_CONNECTED and RRC_IDLE operates similarly,
but with different parameter settings [117].
In the RRC_IDLE state, the UE can have the following processes: PLMN
selection, cell selection and re-selection, location registration, and sup-
port for manual CSG (Closed Subscriber Group) selection. When there
is a packet transmission, a state promotion from the RRC_IDLE state to
the RRC_CONNECTED state occurs with a delay. After being promoted
to the RRC_CONNECTED state, the RRC connection of the UE is estab-
lished with the serving eNodeB. Consequently, the UE enters the Contin-
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uous Reception mode and keeps monitoring the PDCCH (Physical Down-
link Control Channel) for control messages from eNodeB. Meanwhile, its
power consumption follows the DRX procedure. When there is no trans-
mission, a DRX inactivity timer Ti starts. Upon Ti’s expiration without
seeing any data activity, the UE enters the Short DRX mode, during which
it can switch off main RF circuit and reduce power consumption. The Long
DRX cycles begin after the Short DRX cycle timer Tis expires, if there is no
data activity. When there is still no data transmission, the UE enters the
Long DRX mode. The UE always enters the Continuous Reception mode
when there is data transmission. Upon the data transmission, the UE
starts a tail timer, Ttail, which is reset every time a packet is sent or re-
ceived. When Ttail expires, the UE releases radio resource and is demoted
from the RRC_CONNECTED state to the RRC_IDLE state [118, 119].
As above-mentioned, the RRC states of LTE networks is quite different
from the ones in 3G networks with respect to data rate, inactivity timers,
power consumption states and the transition among the states. Thus, an
estimation would be that the beneﬁts of using the EEP proxy may de-
crease. For example, the HTTP header compression used in EEP to keep
UE in the Cell_FACH state is not valid anymore in 4G/LTE networks. The
bundling concept would still be valid but its beneﬁt might decrease due to
less time needed for transmitting bundled content. However, with billions
of connected devices and complicated use cases, part of network we will
experience might be over-congested and perceived data speed might not
be as fast as it could. Thus, the bundle and the EEP can provide beneﬁts
in LTE networks too, but we need more investigation on the operation and
optimisation of the system and how the EEP can be best integrated with
the LTE RRC timers and bit rates.
5.2 Further Research
Future work can be elaborated here based on the discoveries and results
of this thesis. First, as discussed above, network conditions have a signiﬁ-
cant impact on power consumption. It remains an open question, though,
how to show the impact explicitly in the power models that are designed
for application developers. While the EEP protocol is designed for improv-
ing HTTP trafﬁc, the theoretical thinking of scheduling trafﬁc in a bundle
in this dissertation can be easily extended and applied to other non real-
time services. The design of the EEP proxy has the potential to adapt
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for other kinds of Internet services, which have similar interactions with
HTTP between application behaviour and the underlying protocols. The
design requires the proxy to be aware of the application types and data
transmission mediums in order to optimise the transmission according to
the characteristics of the applications.
As cloud computing maximises the effectiveness of shared resources and
adopts dynamically to changed service requirements, the deployment of
the proxy should be also cloud-based. Virtual machine and Linux con-
tainer based solutions are often compared to each other. Virtual machines
have a full OS with its own memory management installed, running on a
resource emulated environment on top of hypervisor (KVM, Xen and Hy-
perV). Due to this nature, a virtual machine has the associated overhead
of virtual device drivers. On the other hand, a Linux container, such as
Docker container [120], runs as a process of the host system and relies
on control groups to manage groups of processes, CPU, memory and block
I/O usage. As a lightweight virtualisation technology, Linux containers
are therefore faster, less resource demanding and can be launched in just
a few seconds while launching a virtual machine can take up to several
minutes.
There are advantages and disadvantages for each type of visualisation
technology. Depending on the requirements of the execution environment
of the proxy service, a virtual machine is able to provide full isolation
with guaranteed resources to fulﬁl the security and privacy requirements
of the service. With the deployment of the proxy in containers, the service
can be easily and quickly scaled out according to the amount of trafﬁc, the
number of requests and the CPU requirements.
Moreover, HTML5 technologies and mobile cloud computing are diver-
sifying and growing at an unprecedented speed. For example, Mozilla’s
Firefox OS [121] is a web-engine-based mobile operation system, and all
its applications are based on HTML5. The adoption of interactive tech-
nologies and feature-sets of mobile web browsers is growing and matur-
ing. As discussed in Section 4.2, the WebSocket-based proxy not only un-
veils the possibility of using HTML5 technologies for fast deployment of
the proxy without pre-installing any application, but also presents the
power to develop cross-browser and cross-device energy-saving solutions
and services seamlessly.
Based on the understanding of this dissertation, some implications can
be also drawn for app developers to optimise their services and reduce
79
Conclusion
energy consumption: 1) using the right data compression algorithms; 2)
scheduling some transfers based on the available radio technologies; 3)
bundling small transfers when possible into a single longer transmis-
sion; 4) last but not least, signal strength is always a good indictor for
when to transfer data. However, currently mobile application develop-
ment APIs are more feature-centric, focusing on providing rich set of func-
tions to fulﬁl implementation requirements rather than performance re-
quirements. Performance optimisation is often done at system level for
all running apps. Thus, certain system level information, such as cur-
rent RRC status and predicted signal strength, should be presented in
an easy-to-understand way and exposed to developers as APIs for further
optimisation and energy savings.
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The transformation from telephony to 
mobile Internet has fundamentally changed 
the way we interact with the world by 
delivering ubiquitous Internet access and 
reasonable cost of connectivity. The mobile 
networks and Internet services are 
supportive of each other and together drive 
a fast development of new services and the 
whole ecosystem. As a result, the number of 
mobile subscribers has skyrocketed to a 
magnitude of billions, and the volume of 
mobile trafﬁc has boomed up to a scale no-
one has seen before with exponential growth 
predictions. However, the opportunities and 
problems are both rising. Therefore, to 
enable sustainable growth of the mobile 
Internet and continued mobile service 
adaption, this thesis proposes solutions to 
ensure that the reduction of overall 
environmental presence and the level of 
QoE are mutually addressed by providing 
energy-efﬁcient data transmission to mobile 
devices. 
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